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ABSTRACT
The effect of aluminium additions on the structure and morphology of the
corrosion products formed on the surfaces of rapidly solidified Mg-Al alloy
splats immersed at room temperature in a solution of 3%NaCl saturated with
Mg(OH) 2 has been studied under different analytical techniques. The adverse
effect of contamination from copper particles during processing on the
corrosion behaviour of the alloys is also highlighted, Aluminium additions
were beneficial to the corrosive behaviour of the alloys with a markedanti­improvement in their^corrosion resistance occurring in alloys containing
more than 10 wt.% Al. This is attributed to the presence of aluminium ions
in the prior oxide/hydroxide in the surface of the alloy. The thickness of
the latter decreased with enrichment of aluminium ions and was 10-50nm for
the Mg-16A1 alloy splats as compared with 200nm for the Mg-3.5A1 alloy
splats. Hydromagnesite (SMgCOg.MgCOH)^.SH^O) formed as an overlayer on the
surface of the alloy splats depending on the handling conditions.
For the Mg-10A1 and Mg-16A1 alloy splats an admixture of a high 
temperature spinel (NgAl^O*) in periclase (MgO) and/or brucite (Mg(OH>s.) 
was detected by X-ray photoelectron spectroscopy (XPS) and X-ray 
diffraction <XRD>. It is proposed that in the corrosive environment the 
A13+ ions on the surface compete successfully with the chlorine ions for 
the anodic sites on the surface and anchor the growth of the layered 
brucite structure by the formation of a compound belonging to the 
pyroaurite-sjOgrenite group of compounds. Hydroxyl ions, water, chlorine 
ions and carbonate ions are incorporated in the Interlayers of the layered 
brucite structure. The formation of a double hydroxide with an acicular 
morphology and a structure close to that of hydrotalcite-manasselte 
(MgeAlsj (OH)-, e* CO3 .4H3.O) has been supported by scanning transmission 
electron microscopy (STEM), XPS, XRD, multi-element mapping by electron 
probe microanalysis (EPMA) and Rutherford backscattering spectrometry (RES) 
analyses on the corroded splats. A growth mechanism is proposed on the 
basis of the structural chemistry, surface morphology and crystal structure 
of the corrosion products. The implications of this work for the design of 
Mg base alloys with improved corrosion properties are also discussed. The 
selected alloying elements are in excellent agreement with those selected 
from other studies on the development of corrosion resistant Mg alloys.
LIST OF CONTENTS PAGE NO.
ABSTRACT
ACKNOWLEDGEMENTS 
LIST OF FIGURES 
LIST OF TABLES 
ABBREVIATIONS
1 INTRODUCTION 1
2 LITERATURE SURVEY 3
2.1 INTRODUCTION 3
2.2 RAPID SOLIDIFICATION PROCESSING OF MAGNESIUM ALLOYS 9
2.3 THE MAGNESIUM - ALUMINIUM SYSTEM 13
2.3. 1 THE PHASE DIAGRAM 13
2.3.2 PHYSICAL METALLURGY 17
2.4 AQUEOUS CORROSION OF MAGNESIUM ALLOYS 25
2.4.1 INTRODUCTION 25
2. 4. 2 CORROSION OF MAGNESIUM AND ITS ALLOYS 26
2. 4. 2. 1 EFFECT OF ALLOYING ELEMENTS, IMPURITIES
AND MICROSTRUCTURE 28
2.4.2. 2 ROLE OF RAPID SOLIDIFICATION PROCESSING 30
2. 4. 2. 3 RECENT EVALUATION OF THE CORROSION
RESISTANCE OF Mg-Al ALLOYS 34
2.5 CONCLUSIONS 38
3 EXPERIMENTAL PROCEDURES 39
3. 1 INTRODUCTION 39
3. 2 PRODUCTION OF SPLATS AND THEIR HANDLING 39
3.3 SURFACE CONTAMINATION DURING PROCESSING 42
3.4 SPECIMEN PREPARATION 42
3. 4. 1 OPTICAL MICROSCOPY 42
3. 4. 2 ELECTRON MICROSCOPY 43
3.4.3 X-RAY PHOTOELECTRON SPECTROSCOPY 45
3.4.4 ION BEAM ANALYSIS 45
3. 5 
3. 6
3. 7
3. 6 , I 
3. 6, 2 
3. 6. 3
3. 7. 1 
3. 7. 2 
3. 7. 3
3. 7. 4
LIST OF CONTENTS 
IMMERSION TESTS 
BULK ANALYSIS 
ALLOY COMPOSITION 
X-RAY DIFFRACTOMETRY 
ELECTRON MICROSCOPY 
SPECTROSCOPY AND ION BEAM ANALYSIS 
INTRODUCTION 
ION BEAM ANALYSIS
X-RAY PHOTOELECTRON SPECTROSCOPY
3.7.3.1 CALIBRATION
3.7.3.2 STANDARDISATION
SCANNING ELECTRON MICROSCOPY / ELECTRON PROBE 
MICROANALYSIS
PAGE NO.
45
48
48
48
49
50 
50
59
60 
62 
63
63
RESULTS
4. I AS RECEIVED SPLATS
4.1.1 BULK CHARACTERISATION
4.1.1.1 THE Mg-3. 5A1 ALLOY
4. 1.1.2 THE Mg-16A1 ALLOY
4.1.2. SPECTROSCOPY AND ION BEAM ANALYSIS
4.1.2. 1 THE Mg-3. 5A1 ALLOY
4.1.2. 2 THE Mg-10A1 ALLOY
4. 1.2.3 THE Mg-16A1 ALLOY
4.1.3 CONCLUDING REMARKS ON THE AS-SPLAT ALLOYS
64
64
64
64
70
76
76
90
95
101
4. 2 EVALUATION OF OXIDE AND HYDROXIDE OF MAGNESIUM BY 
X-RAY INDUCED AUGER ELECTRON SPECTROSCOPY 101
4. 3
4. 3. 1
SPLATS IMMERSED IN 3% NaCl SOLUTION SATURATED 
WITH Mg(OH)=
CORROSION OF ALLOYS 
4. 3. 1. 1 THE Mg-3. 5A1 ALLOY
4.3.1.2 THE Mg-10A1 AND Mg-16A1 ALLOYS
108
108
108
110
LIST OF CONTENTS PAGE NO.
4.3.2 SURFACE CHARACTERISATION 113
4. 3. 2.1 THE Mg-3. 5A1 ALLOY 113
4.3.2.2 THE Mg-10A1 ALLOY 135
4.3.2.3 THE Mg-16A1 ALLOY 140
4. 3. 3 CONCLUDING REMARKS ON THE CORRODED SPLATS 155
5 DISCUSSION 156
5. 1 Mg-3.5A1 ALLOY 156
5.1.1 AS-SPLAT 156
5.1.2 PITTING WITH REGARD TO SURFACE DEFECTS
AND SURFACE CONTAMINANTS 158
5.1.3 SURFACE: STRUCTURAL CHEMISTRY AND MORPHOLOGY
OF THE CORRODED SPLATS 164
5.2 Mg-16A1 ALLOY 170
5. 2, 1 INTERPRETATION OF DIFFRACTION PATTERNS
(XRD AND SADP) OF CORROSION PRODUCTS 172
5. 2. 2 STRUCTURE AND STRUCTURAL CHEMISTRY OF THE
CORROSION PRODUCTS 173
5. 3 PROPOSED GROWTH MECHANISM 177
5.3.1 INTRODUCTION 177
5.3.2 FEASIBILITY OF CORROSION REACTIONS 178
5.3.3 INITIAL STAGES OF THE CORROSION MECHANISM 181
5. 3. 4 DISSOLUTION OF THE BASE METAL 182
5.3.5 ROLE OF CHLORINE IN THE CORROSION MECHANISM 182
5. 3. 6 GROWTH OF THE CORROSION PRODUCTS 184
5.4 THE EFFECTS OF ALUMINIUM ADDITIONS IN RAPIDLY
SOLIDIFIED Mg-AI ALLOYS ON THE STRUCTURE AND 
STRUCTURAL CHEMISTRY OF SURFACES 185
LIST OF CONTENTS PAGE NO.
6 IMPLICATIONS FOR THE DESIGN OF Mg ALLOY 187
7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 192
7. 1 CONCLUSIONS 192
7.2 SUGGESTIONS FOR FUTURE WORK 194
APPENDICES
REFERENCES
LIST OF FIGURES
Figures Page No.
2. 1 Equilibrium phase diagram of the magneslura-aluminlura
system. 14
3. 1 Schematic diagram showing the spatial and depth
resolutions of the experimental techniques used 
in this study. 40
3.2 Schematic diagram showing the orientation of splats
for immersion test, (a) horizontal and (b) vertical 47
3. 3 Simulated RBS spectra illustrating, (a) the cross
section dependence on atomic number (varies with Z^ ),
and (b) depth capabilities through a 1 pm film 53
3, 4 Schematic of XPS and Auger process (a) XPS process,
showing photoionisation of an atom by ejection of a 
Is electron, (b) relaxation of the ionized atom of
(a) by emission of a KLg, 3L2 , 3 Auger electron. 55
4. 1 TEM micrographs of Mg-3. 5A1 alloy splat showing
fine equiaxed grains (FAB thinned with Ar on a 
cold stage). 66
4. 2 TEM micrographs of Mg-3. 5A1 alloy splat showing
high aspect ratio grain (FAB thinned with Ar on 
a cold stage).
a) Bright field b) Dark field c) SADP (camera
length- 75cm, accelerating voltage- 200KV) 67
4. 3 TEM micrographs of Mg-3. 5A1 alloy splat showing
high dislocation density within a grain 
(FAB thinned with Ar on a cold stage),
a) Bright field b) Weak beam image c) SADP (camera 
length- 75cm, accelerating voltage- 200KV). 68
4. 4 SEI micrograph of a FAB thinned Mg-3. 5A1 alloy
splat using Ar as a milling gas (with cold stage). 69
4.5 TEM micrographs showing the fine equiaxed
microstructure of Mg-3. 5A1 alloy splats
(FAB thinned with Ar + oxygen gas mixture). 71
4. 6  EDX analysis of the particle "A" in the TEM
micrograph in figure 4.5a. 72
LIST OF FIGURES
Figures Page No.
4.7 SEM micrograph of a cross section of a Mg-Al alloy
splat showing porosity
(a) Mg-3. 5A1 alloy <b) Mg-16A1 alloy 73
4. 8 TEM micrographs of Mg-16A1 alloy splat showing
equiaxed grains (a) FAB thinned with Ar + oxygen 
gas mixture on cold stage
b) chemically thinned using orthophosphoric acid 
Artifacts due to specimen preparation 74
(c) FAB thinned d) chemically thinned 75
4. 9 SEM micrograph showing a typical surface
morphology of Mg-3. 5A1 alloy splats.
a) High temperature oxide formed during 
levitation melting, retained on the
surface of the splat, covering a surface crack.
b) Surface defects like cracks and rifts formed
during solidification of the splat (1 ) Mg-3.5A1 alloy 77 
<ii> Mg-16A1 alloy
c) Polishing lines on the surface of the batch I
splats from the copper pistons. 78
4. 10 SEM micrograph showing copper particles on the
surface of a Mg-3. 5A1 alloy splat (Batch I).
a) Copper particle (indistinguishable)
b) Cu Ka dot map of (a) 79
c) Copper particle slightly embedded in the splat
d> Cu Ka dot map of (c> 80
e) Line trace (Cu Ka) of the copper particles 81
4.11 Typical RBS spectra, using a 1.5 MeV *He+ beam with a 
165* scattering angle, of (a) Mg-3. 5 Al alloy splat 
(Batch I) showing the presence of copper particles on 
the surface of the splat.
(b) Detailed region near the copper edge. Note the Pb 
contamination is from the alloy (see also table 4.1) 83
(c)superimposed RBS spectra of Mg-3. 5 Al alloy splat 
(Batch II) of spectrum (1) showing thin oxide region, 
spectrum (2 ) showing thick oxide region and 
spectrum (3) showing corroded splat (in 3% NaCl
solution saturated in Mg(OH)s at 20*0 for 150 minutes). 84
4.12 A typical XPS wide scan spectrum of Mg-3, 5A1 alloy
splat using Al Ka radiation. 85
LIST OF FIGURES
Figures Page No.
4. 13 Oxygen, 0 Is, XPS spectra of Mg-3. 5A1 alloy splat
excited by Al Ka radiation. Sputtered with argon 
ions for depth profiling at
a) 0 minute b) 13 minutes,
Note; The energy scales have not been corrected
for sample charging. 87
4. 14 ERDA spectrum of %-3. 5A1 alloy splat showing
hydrogen depletion with depth. 88
4. 15 Wide scan XPS spectra of Mg-10A1 alloy splat
excited by Al Ka radiation.
(a) from 0 to 1000 eV, the insert shows high 
resolution scan of carbon, C Is, from organic 
(hydrocarbon) and inorganic (carbonate) compounds.
(b> from 0 to 200 eV, shows presence of aluminium,
Al 2p, on the surface. 91
4. 16 EPMA multielement digital maps of as-splat
(a) Mg-10A1 alloy (b) Mg-16A1 alloy 
Blue; - Mg; Al, Red; - Mg; Al; 0,
Yellow; - Mg-0, Green; - Al; 0 93
4. 17 X-ray excited Auger electron spectra of as-splat
(a) Mg-10A1 alloy and (b) Mg-16A1 alloy. 94
4. 18 Wide scan XPS spectra of Mg-16A1 alloy splat
excited by Al Ka radiation.
(a) 0-1000eV, the insert shows a high resolution 
scan of carbon, C Is, from organic 
(hydrocarbon) and inorganic (carbonate) compounds,
(b) 0-200 eV, shows aluminium, Al 2p, on the surface. 96
4. 19 High resolution XPS spectra of the Mg-16A1 alloy
splats. (a) Montage of high resolution spectra of 
aluminium, Al 2p, showing depletion of Al®** with 
sputtering time.
(b) high resolution spectrum of oxygen, 0 Is, 
showing the oxide, hydroxide and water components.
Note; The energy scales have not been corrected
for sample charging, 97
4. 20 Typical RBS spectra of Mg-16A1 alloy splats
using a 1.5 MeV H^e*"" beam with a 165* scattering 
angle, Spectrum (1) as-received,
Splats corroded in 3% NaCl solution saturated 
with Mg(OH) 2 at 2 0 'C for;
spectrum (2) 150 minutes and spectrum (3) 2 days. 98
LIST OF FIGURES
Figures Page No.
4. 21 X-ray induced Auger electron spectroscopy CX-AES)
spectra of (a) magnesium and <b) magnesium oxide. 103
4. 2 2 Illustration of linear relationship between
core level binding energy, Mg Is, and Mg KL^ . 3L2 , 3
Auger peak of magnesium and magnesium oxide by
different workers and this work. 104
4.23 SEM micrographs showing corrosion pits on the
surface of a Mg-3. 5A1 alloy splat corroded in 3% NaCl 
solution saturated with Mg(OH)^ for 150 minutes
at 20*C. (a) pit (b) pits near cracks. 109
4.24 Effect of aluminium additions in Mg-Al binary alloys
on the normalised pitting density (data from table 4.7) 112
4. 25 SEM micrographs showing the effect of corrosion on the
cracks in Mg-3. 5A1 alloy splats (a) uncorroded and
(b) corroded in 3% NaCl solution saturated with
Mg(OH) 2 for 150 minutes at 20*C. 114
4. 26 Montage of EPMA analyses on corroded Mg-3, 5A1
alloy splat in 3% NaCl solution saturated with
Mg(OH) 2 for 150 minutes at 20*C. Analysis region:
(a) general area around the crack,
(b) point analysis on the edge of the crack,
(c) point analysis away from the crack and on the
matrix. 115
4.27 SEM micrographs of a Mg-3. 5A1 alloy splat (batch I)
showing localised attack of the splat in 3% NaCl 
solution saturated with Mg(OH) 2 for 150 minutes 
at 20"C
(a) near the polishing lines,
(b) line trace of Cu Kot at higher magnification of (a), 117
(c) line trace of Cu Ka of another copper particle 118
4. 28 SEM micrographs showing surface morphology of a
corroded Mg-3. 5A1 alloy splat in 3% NaCl solution 
saturated with MgCOH)^ for 150 minutes at 20'C.
a) acicular structure with ball like growth
b) High magnification of (a) 119
4. 29 SEM micrographs showing surface morphology of a
corroded Mg-3. 5A1 alloy splat in 3% NaCl solution 
saturated with Ï%(0H>2 for 90 minutes at 20*C.
(a) unattacked region (b) High magnification of (a) 120
LIST OF FIGURES
Figures Page No.
4.30 SEM micrographs showing the surface morphology of a
corroded Mg-3. 5A1 alloy splat in 3% NaCl solution 
saturated with Mg(OH)g for 150 minutes at 20*0.
(a) acicular structure associated with rifts and 
edges of the splat.
(b) High magnification of (a) 121
4.31 SEM micrograph showing the surface morphology of the
voluminous type corrosion product near the edge of a 
corroded Mg-3. 5A1 alloy splat in 3% NaCl solution 
saturated with Mg(OH)g for 150 minutes
at 20*C. 122
4.32 TEM micrographs of the surface extracts from a Mg-3. 5A1
alloy splat corroded in 3% NaCl solution saturated 
with Mg (OH) 2 for 150 minutes at 20*0.
(a) Bright field, (b) Selected area diffraction
pattern of (a) (camera length- 75cm, accelerating
voltage- 200KV). 127
4. 33 Montage of windowless EDX point analyses of Mg-3. 5A1
alloy splats corroded in 3% NaCl solution saturated 
with Mg(OH) 2 for different lengths of time 
at 20*C, (a) as-received; (b) 90 minutes;
(c) 150 minutes; (d) 17 hours 129
4. 34 Wide scans of XPS spectra from 0 to 1000ev of Mg-3. 5A1
alloy splat corroded in 3% NaCl solution saturated 
with Mg(OH) 2 for 150 minutes at 2 0*C,
(a) unwashed (b) washed with deionised water and 
argon dried. The insert on each spectrum shows the 
carbon, C Is, regions recorded at higher resolution; 
from organic (hydrocarbon) and inorganic (carbonate) 
compounds can be clearly seen. 131
4.35 Montage of sputtered depth profile XPS survey spectra
(0-230eV), using Al Ka radiation, of the Mg-3. 5A1 alloy
splats corroded in 3% NaCl solution saturated with
Mg(OH) 2 for 150 minutesat 2 0 *C.
(a) unwashed (b) washed
after sputer etching with argon ions for
(c) 8 minutes (d) 70 minutes
The chlorine. Cl 2p, peak is reduced dramatically by 
washing but also on sputter depth profiling. 132
LIST OF FIGURES
Figures Page No.
4,36 RBS spectra of a Mg-3. 5A1 alloy splat corroded in 
3% NaCl solution saturated with Mg(OH) 2 for 
10 hours showing depletion of chlorine on the surface 
and a uniform distribution of chlorine with depth 
(decreasing channel number). 133
4. 37 High resolution aluminium, Al 2p, XPS spectra of the
corroded Mg-10A1 alloy splat, excited by Al Ka radiation.
(a) as-received splat (b) corroded splat for two days 
in 3% NaCl solution saturated with Mg(OH) 2 at 20"C.
Note; The energy scales are not corrected for sample 
charging. 136
4.38 TEM micrographs of the surface extracts from a
Mg-10A1 alloy splat corroded in 3% NaCl Solution 
saturated with Mg(OH) 2 for two days at 20 *C,
a) Bright field
b) Selected area diffraction pattern of (a) (camera 
length- 75cm, accelerating voltage- 200KV), 137
4. 39 EPMA multielement digital maps of the interface
between the base metal and the corrosion products 
of I%-16A1 alloy splat corroded in 3% NaCl solution 
saturated with Mg(OH) 2 for two days at 2 0 *C 
(a) corroded splat (b) SEI digital image of region (a)
Colour Codes; -
Blue; - Mg; Al, Red; - Mg; Al: 0, Yellow; - Mg-0,
Green; - Al; 0, White; Mg; Al: 0: Cl 141
(c) SEI micrograph of region (a) showing the artifacts 
from microtoming and comparing the digital image in (b) 142
4.40 A typical SEM micrograph showing the surfaces of
Mg~16Al alloy splats corroded in 3% NaCl solution 
saturated with Mg(OH) 2 for two days at 2 0 *C. 147
4.41 TEM micrographs of the surface extracts from a 
Mg-16A1 alloy splat corroded in 3% NaCl solution 
saturated with Mg(OH) 2 for two days at 2 0 *C,
a) Bright field b) SEI micrograph (STEM) 149
c) Selected area diffraction pattern (camera
length- 75cm, accelerating voltage- 200KV). 150
4.42 f%; Al ratio as a function of 0; Al ratio from EDX 
analyses of the corrosion extracts of Mg-16Al alloy 
splats corroded in 3% NaCl solution saturated with
Mg(0H ) 2 for different immersion times at 20*C, 152
LIST OF FIGURES
Figures Page No,
4. 43 Montage of high resolution aluminium, Al 2p, XPS 
spectra of the %-16Al alloy splats corroded in 
3% NaCl solution saturated with Mg<0H>2 for different 
length of time at 20"C, illustrates the increase in 
aluminium concentration on the surface with time.
(a) as-received, (b) 1 day, <c> 2 days and (d) 6 days.
Note; The energy scales are not corrected for sample 
charging. 153
5. 1 SEM micrographs of an as-cast (a) Mg-3. 5A1 alloy
and <b) Mg-16A1 alloy 157
5. 2 Schematic of the mechanism of localised attack of
Mg-Al alloy splats - perforation or pitting. 160
5.3 Schematic representation of the Garden Effect
(a) microscopic mechanism b) macroscopic mechanism 165
5. 4 SEI micrograph of corrosion extract of Mg-Al alloy
splats corroded in 3% NaCl solution saturated with 
Mg(OH) 2 at 20*0,
(a) Mg-3. 5A1 alloy splat immersed for 150 minutes
(b) Mg-16A1 alloy splat immersed for two days. 167
LIST OF TABLES
TABLES PAGE NO.
2. 1 EXTENDED SOLID SOLUBILITIES ACHIEVED IN Mg BY
RAPID SOLIDIFICATION PROCESSING 8
2, 2 RAPID SOLIDIFICATION TECHNIQUES APPLIED TO
MAGNESIUM ALLOYS 10
2. 3 MECHANICAL PROPERTIES OF EXTRUDED POWDERS OF A
Mg-Zn-Mn ALLOY 12
2.4 THREE PHASE EQUILIBRIA AND CONGRUENT
TRANSFORMATIONS IN THE Mg-Al SYSTEM 15
2. 5 CRYSTAL STRUCTURES OF EQUILIBRIUM AND
METASTABLE Mg-Al PHASES 16
2. 6  GRAIN MORPHOLOGY OF SOME MAGNESIUM-ALUMINIUM
BASE ALLOYS 20
2. 7 TENSILE PROPERTIES OF THE EXTRUSIONS OF RS
Mg- 5wt.% Al ALLOY POWDER 21
2. 8 ROOM TEMPERATURE PROPERTIES OF CONVENTIONAL AND
RAPIDLY SOLIDIFIED MAGNESIUM ALLOYS 23
2.9 VALUES OF MAXIMUM SOLID SOLUBILITY FOR SEVERAL 
ALLOYING ELEMENTS IN Mg AND INTERMEDIATE PHASES 
WITH RESPECTIVE DECOMPOSITION TEMPERATURES 24
2. 10 CHARACTERISTICS OF ALLOYING ELEMENTS IN MAGNESIUM 32
2. 11 CORROSION RATES OF MAGNESIUM ALLOYS IN SALINE
ENVIRONMENT 33
4. 1 IMPURITIES IN RS Mg-Al ALLOY SPLATS ANALYSED BY
ATOMIC ABSORPTION SPECTROSCOPY (in ppm) 65
4.2 PHASES IDENTIFIED BY X-RAY DIFFRACTION ANALYSIS
OF Mg-3. 5A1 ALLOY SPLATS AND INGOT 89
4.3 PHASES IDENTIFIED BY X-RAY DIFFRACTION IN THE
SPLATS OF Mg-10A1 ALLOY SPLATS 92
4. 4 PHASES IDENTIFIED BY X-RAY DIFFRACTION IN THE
INGOT AND SPLATS OF Mg-16A1 ALLOY 99-100
LIST OF TABLES
TABLES PAGE NO.
4.5 BINDING ENERGIES FOR XPS PEAKS AND KINETIC 
ENERGIES FOR AUGER PEAKS FROM Mg, MgO AND 
Mg + ADSORBED OXYGEN, ALL ENERGIES IN eV,
REFERRED TO FERMI LEVEL <Ep>. 105
4.6 PEAK POSITIONS OF X-RAY INDUCED AUGER ELECTRON
PEAKS OF Mg, MgO AND Mg BINARY ALLOYS 107
4. 7 PITTING DENSITIES AND PITTING TIMES OF Mg-Al 
ALLOY SPLATS CORRODED IN 3% NaCl SATURATED 
WITH Mg(OH) 2 AT 20*C. Ill
4.8 ANALYSIS OF THE CRYSTAL STRUCTURE OF CORROSION 
PRODUCTS OF Mg-3. 5A1 SPLAT CORRODED IN 3% NaCl 
SATURATED WITH Mg(0H>2 AT 20*C BASED
ON X-RAY AND ELECTRON DIFFRACTION 123-125
4. 9 COMPARISON OF RELATIVE INTENSITIES OF SOME OF
THE INTERPLANAR SPACING DETERMINED BY X-RAY 
DIFFRACTION ANALYSIS OF INGOT, AND AS-RECEIVED 
AND CORRODED Mg-3. 5A1 ALLOY SPLATS 126
4. 10 WINDOWLESS EDX ANALYSIS OF SURFACE EXTRACTS FROM
RS Mg-Al ALLOY CORRODED IN 3% NaCl SATURATED WITH 
Mg(OH) 2 AT 20'C (IN at.%) 128
4. 11 TECHNIQUES USED FOR SURFACE STUDIES FOR AS-SPLAT
AND CORRODED SPECIMENS OF RS Mg-Al BINARY ALLOYS. 134
4. 12 ANALYSIS BY X-RAY AND ELECTRON DIFFRACTION OF THE
CRYSTAL STRUCTURE OF THE CORROSION PRODUCTS FORMED 
ON THE SURFACES OF Mg-10A1 ALLOY SPLATS CORRODED IN 
3% NaCl SATURATED WITH Mg(OH) 2 AT 20*C. 138-139
4, 13 ANALYSIS BY X-RAY AND ELECTRON DIFFRACTION OF THE
CRYSTAL STRUCTURE OF THE CORROSION PRODUCTS FORMED 
ON THE SURFACES OF Mg-16A1 ALLOY SPLATS CORRODED IN 
3% NaCl SATURATED WITH Mg(OH) 2 AT 20'C. 143-146
4. 14 THE CRYSTAL STRUCTURE AND LATTICE PARAMETERS OF
THE CORROSION PRODUCTS FORMED ON RS Mg-Al BINARY 
ALLOY SPLATS IMMERSED IN 3% NaCl SOLUTION SATURATED 
WITH Mg(OH) 2 AT 20'C. 151
ABBREVIATIONS
AAS Atomic Absorbtion Spectroscopy
AEM Analytical Electron Microscopy
at.% Atomic Percent
BCC Body Centred Cubic
BE Binding Energy, eV
DC Diamond Cubic
El. Elongation percentage
EDX Energy Dispersive X-ray analysis
ERDA Elastic Recoil Detection Analysis
FCC Face Centred Cubic
FAB Fast Atom Beam (milling)
HCP Hexagonal Closed Packed
KE Kinetic Energy
RE Rare Earth(s>
RBS Rutherford Backscattering Spectroscopy
Ref. EXAFS Reflection Extended X-ray Analysis of Fine 
Structure
RS Rapid Solidification •
TEM Transmission Electron Microscopy
TEI Transmission Electron Image
SADP Selected Area Diffraction Pattern
SEI Secondary Electron Image
SEM Scanning Electron Microscopy
STEM Scanning Transmission Electron Microscopy
UTS Ultimate Tensile Strength
wt, % Weight Percent
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction/ Diffractoraetry
X-AES X-ray induced Auger Electron Spectroscopy
YS Yield Strength
Z Atomic number
CHAPTER I 
INTRODUCTION
Ever since its isolation from the impure form by Davy in 1808,
magnesium has been continually posed as a promising engineering material.
The most important feature of magnesium was assumed to be its affinity for 
itoxygen and^was produced in the form of powders or ribbons and used as a 
photographic illuminant. The light metal age commenced towards the end of 
the last century when aluminium and its alloys made their first appearance 
as industrial products. Magnesium followed twenty years later.
High specific strength is the most attractive feature of 
magnesium, and makes it a promising weight saving structural material. On 
the other hand its chemical reactivity has projected magnesium as an 
unsuitable material prone to corrosion. In-spite of its high chemical 
reactivity, the attractive properties of magnesium and its alloys have 
stimulated much research and development. The range of potential 
applications for magnesium has increased as research improved the 
mechanical properties and corrosion resistance of its alloys. Corrosion 
resistance has been improved by one to two orders of magnitude better than 
conventional alloys by processing high purity alloys and by minimising the 
pick up of Cu, Fe and Ni during melting and casting ,
Although magnesium alloys were among the first (c, 1950) to be
subjected to rapid solidification (RS) with a view to enhancing their 
engineering properties, the major research effort on RS since 1970's has 
left them practically untouched. The design and development of magnesium 
alloys has recently been focused on RS processing. With RS processing the 
adverse effects of heavy metal contamination could be greatly reduced and 
Improved corrosion resistance of the magnesium alloys has been achieved.
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In general the improved corrosion resistance of an alloy is 
controlled by the electrochemical behaviour of the bulk and/or surface.
This thesis aims to establish a relation between the solute content and the 
corrosion resistance of Mg-Al alloys and in particular to understand the 
mechanisms which lead to the protection of the surfaces of RS Mg-Al alloys 
when immersed in 3% NaCl solution saturated with MgCOH)». Three alloys, 
Mg-3.5A1, Mg-10A1 and Mg-16A1 were studied. Supersaturation of the
corrosive solution by magnesium hydroxide was considered necessary in order 
to simulate the actual condition in a saline solution, wherein initial Cl~ 
attack in a physically enclosed environment (i.e. crevice) results in oun 
immediate rise in pH to that of supersaturated Mg(OH)3, due to the increased 
concentration of magnesium ions in the solution.
In order to achieve our objectives experimental techniques were 
chosen that provide a comprehensive analysis of the material at the surface 
(5nra), near surface and bulk (100nm). These experimental techniques are 
X-ray photoelectron spectroscopy (XPS), Rutherford backscattering (RBS), 
elastic recoil detection analysis (ERDA), electron probe microanalysis 
(EPMA), X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
analytical electron microscopy (AEM).
A survey of the literature on magnesium alloys and in particular 
of magnesium-aluminium alloys is given in chapter 2. In the same chapter, 
the principles of corrosion of magnesium alloys are briefly discussed. 
Chapter 3 describes the experimental techniques. Experimental results are 
given in chapter 4 and these are discussed in chapter 5. The implications 
of this work for Mg alloy design are discussed in chapter 6 . Conclusions 
and suggestions for further work are given in chapter 7. Parts of this work 
have been published and reprints are attached at the end of this thesis.
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CHAPTER II 
LITERATURE SURVEY
2. 1 INTRODUCTION
Unalloyed magnesium is not extensively used for structural
purposes. Magnesium alloys in current use can be divided into two major
groups. The first group includes alloys containing 2 to 10wt. % Al, combined
with minor additions of zinc and manganese. These alloys are widely
available at moderate cost and their mechanical properties are good up to
100*C. Beyond this temperature the properties deteriorate rapidly. The
second group consists of magnesium alloyed with various elements such as
rare earths (RE), zinc, thorium, silicon, etc. excluding aluminium, all
alloys containing a small but effective zirconium content that imparts a
fine grain structure and thus improved mechanical properties. These alloys
generally possess much better elevated temperature properties up to
some oftemperatures of 300*0. However, such elemental additions are costly and 
require specialized manufacturing technology, thus resulting in the
significantly higher costs of these alloys Cl, 23.
Traditionally, magnesium alloys have been used mainly in the 
aerospace and nuclear industries but are now finding their way into 
automobile components, as well as in bicycle frames, video cameras, 
computer parts, vibration testing equipment and printing machinery [33,
The introduction of high purity alloys has been a dramatic factor 
In improving the corrosion resistance of castings C53. Corrosion 
performance of magnesium is greatly Affected by heavy metal impurities, 
such as Fe, Ni, Co and Cu, which most probably overshadow the effects of 
flux inclusions, nonmetallic impurities, porosity and grain size. Chemical 
pick up of heavy metal contamination during casting operations of magnesium
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and its alloys has been extensively observed and reported in the literature 
[4,6-8], Nevertheless, the improvements of strength and corrosion 
resistance possibly through alloy chemistry modifications. In conjunction 
with the use of conventional casting techniques, appear to have reached 
their limits.
The application of RS processing to conventional magnesium alloys 
would be of little value, since the as-cast microstructure undergoes phase 
transformations and/or rapid coarsening of second phase/s during 
consolidation. New alloy design has been undertaken to circumvent this 
problem. In recent years, RS was used to incorporate thermally stable fine 
dlspersoids to enable the retention of the fine microstructure in the final 
product. Furthermore, improved corrosion resistance of magnesium alloys 
could be achieved by selection of dispersoid-f orming elements whose 
electrochemical potentials are similar to that of magnesium, thus enabling 
benefits on strength as well as on ductility and corrosion resistance [91. 
Finally, the adverse effects of heavy metal contamination In alloys have 
been greatly reduced by RS through the achievement of a homogenous 
distribution of such metallic and nonmetallic impurities C1 0].
In-spite of the low density, cost and fusibility similar to 
aluminium, application of magnesium as a structural metal is still limited. 
Limitations in the use of magnesium and its alloys have been due to the 
following reasons, namely crystallography, chemical reactivity and thermal 
stability [10,113.
a) Crystallography:
Slip in <1120> directions occurs in all the hexagonal metals and 
basal slip predominates in cadmium, zinc, cobalt, magnesium and beryllium. 
In bulk polycrystalline magnesium, <1010) and {1011} slip planes have been
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detected at room temperature and below in the highly stressed regions, i.e. 
grain boundary corners. Twinning on -C10Î2) planes occurs in all h. c. p. 
metals. In magnesium, twinning occurs on other planes in the <1120> zone, 
e.g., Cll01>, <1103}, <1105}, <3304}. In Mg (as in Gd, Zn and Be) basal
slip is only slightly temperature dependent below room temperature, unlike 
titanium which exhibits a much larger temperature-dependence of its basal 
slip. At similar temperatures prismatic slip in all above metals is very 
strongly temperature-dependent. In magnesium there is an increase by two 
orders of magnitude in the critical resolved shear stress for prismatic 
slip when the temperature is lowered from 300*0 to -196*0. The weak 
temperature dependence above room temperature can be accounted for in terms 
of the teraperature-dependence of the shear modulus 18,12,13].
At room temperature, the basic deformation mechanism in magnesium 
alloys Involves both slip on the basal planes along the <10Î2> directions 
and twinning in <1012} <10li>. At higher temperatures (>225*0), pyramidal 
slip in the <10Î1} <1120> system becomes operative. Limited slip modes
affect the capacity of strengthening of magnesium and its alloys by 
alloying and/or cold working whilst retaining adequate ductility 1113.
In polycrystalline magnesium, a greater degree of work hardening 
and lower elongation are observed than in a single crystal 183. This poses 
plastic deformation conformity problems during the working of 
polycrystalline materials and leads to cracking unless substantial grain 
boundary rotations during deformation are able to occur. A fine grain size 
promotes better accommodation of slip and suppresses twinning. Hence the 
enhancement of mechanical properties of magnesium alloys has depended on 
the grain size. In conventional ingot metallurgy alloys, grain refinement 
has been achieved either by the addition of alloying elements such as Zr,
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which play an Important role in controlling both yield strength and 
ductility or by superheating the magnesium alloy after refining C8 ]. 
Addition of Zr in Mg-Al alloys decreases ductility [4,10], Grain refinement 
of Mg-Al alloys by carbon inoculation and Elfinal is well known. Moreover, 
grain refinement by superheating is peculiar only to Mg-Al alloys.
b) Chemical Reactivity;
In the electrochemical series magnesium is a highly 
electropositive element. The inability to form a protective self healing 
surface film in corrosive environments makes magnesium and its alloys 
vulnerable to corrosion, and in particular, galvanic attack when coupled 
with more noble metals. This has provided an important application for 
magnesium as a competitor to aluminium and zinc for sacrificial protection 
of steels in corrosive environments Cltl.
However, the corrosion behaviour of a metal in a particular 
environment depends not only on its position in the electrochemical series 
but also on corrosive influences present and service condition variables. 
In neutral and alkaline environments magnesium hydroxide deposits as a film 
on magnesium which offers considerable protection. In examining the 
corrosion characteristics of magnesium the presence of this film is an 
advantage for such investigations. The corrosion behaviour of magnesium is 
discussed in section 2. 4 of this chapter.
c) Thermal Stability ;
Strength and creep resistance of materials are both temperature 
dependent. At elevated temperatures deformation mechanisms operate which 
can be attributed to the mobility of dislocations, the operation of 
additional slip systems and recrystallisation and grain coarsening in cold- 
worked metals. In turn, all these affect high temperature stability.
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Mechanical properties are also affected by second phase particle coarsening 
at elevated temperatures. Magnesium seems to be no worse than aluminium in 
this respect C11].
Major efforts in rapid solidification over the last decade have 
been devoted to engineering metals, like iron, aluminium, nickel, and 
titanium. The merits of the engineering light metals, aluminium, magnesium,
titanium and beryllium and their alloys are reflected by their selection
for a range of applications. In general, the development of alloys of these 
metals has been severely limited by their alloying behaviour. Indeed Be, 
A1 and have only 3, 8 ,and 15 (compared with 50 for Ti) alloying elements 
respectively, with appreciable equilibrium solid solubilities C>1 at.%).
Furthermore, processability of Be, Ti and %  is affected by their crystal 
structure (hexagonal) [13,141.
The benefits of RS in metallic systems are well known and
documented in the literature, These include decrease in grain size, 
extension of solid solubility limits, improved homogeneity, and formation 
of non-equilibrium phases including crystalline, quasi-crystalline, and 
noncrystalline (amorphous) phases. Most of the benefits mentioned, such as 
decreased grain size, refinement of intermetallic particle size and 
increased homogeneity, manifest as improved mechanical properties. 
Extension of solid solubility limits by RS permits the preparation of 
alloys with higher concentrations and the addition of more alloying 
elements. Table 2. 1 gives the extended solid solubilities achieved by RS 
processing for different alloying elements in magnesium. Formation of new 
phases via RS leads to novel alloys and raicrostructures which have improved 
corrosion properties. The benefits offered by RS have made it increasingly 
attractive as a processing option for magnesium and its alloys.
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The effect of alloying elements oh microstructural
refinement and modification of crystal structure, nature of matrix and 
second phases, are of specific interest to the advancement of RS magnesium 
alloys. While homogeneity and microstructural refinement are commonly 
obtained from RS, the solid solubility extensions and new phase formation 
have been more difficult to achieve [11].
TABLE 2. I
EXTENDED SOLID SOLUBILITIES ACHIEVED IN Mg BY 
RAPID SOLIDIFICATION PROCESSING C11Î
Alloying
Element
Maximum Solid Solubility 
at Equilibrium 
Tenq). wt.%
RS product Solid Solubility 
Extension 
wt. %
A1 437. 0 1 2. 06 Splat Foil 24. 47
Mn 650, 0 2. 23 Splat Foil 5. 48
Cu 485. 0 0. 03 Vapour Deposited 22.5 
Film
Oa 423. 0 8 . 4 Splat Foil 24. 16
2. 2 RAPID SOLIDIFICATION PROCESSING OF MACTIESIÜM ALLOYS
Jones C15] has classified the RS processing methods in three 
categories namely ; <i> spray methods involving spray or droplet formation
prior to quenching, such as atomisation of powder or flakes, (ii) chill 
methods preserving continuity of melt up to and during quenching, such as 
melt spinning of ribbon or thin strip by melt-stream impingement onto a 
rotating chill block, and (iii) surface methods featuring in-sltu rapid 
melting and resolidification in intimate contact with a chill surface.
Table 2,2 gives the three RS categories that have been 
successfully applied to magnesium alloys C16]. In the late forties and 
early fifties gas blast and rotary atomisation techniques were employed by 
Dow Chemical Co, for powder production. In the case of magnesium, unlike 
aluminium, air atomisation cannot be used. This is due to the reactivity of 
molten magnesium metal which increases rapidly with a rise in temperature 
such that above 850*C a freshly exposed surface bursts spontaneously into 
flame. Later Isserow and Rizzitano C171 employed the Rotating Electrode 
Process (REP) to make powders of the commercial alloy ZK60A (see Appendix 
Al>. An average particle size of 100 pm was obtained by REP with cooling 
rates less than 10-* K/s [18].
An alternative method of producing RS magnesium powders, 
developed at Allied Corporation, is to produce RS magnesium ribbons by free 
jet melt spinning or planar flow casting [9] and then reduce the ribbon 
into powder using a series of high speed mechanical comminution processes. 
Irrespective of the particulate size a uniform microstructure is achieved 
by this process. The use of free-jet chill block melt spinning to produce
RAPID SOLIDIFICATION 
Technique Product
1. Spray Methods
gas atomisation powder
rotary (spin-disc) powder/
shot
rotating electrode shot
TABLE 2.2TECHNIQUES APPLIED TO MAGNESIUM ALLOYS- Cl 13
gun quench
rotating vane
twin-piston
splat
catapult quench splat
splat
splat
Alloy
represent at i ve 
eng. alloys
ZK60B, ZE62
ZK60A
Mg-12 to 23at. % A1 
Mg-14 to 18at.% Sn 
Mg-16 to 23at.% Pb
Mg-1 to 6at.% Mn 
Mg-0. 4 to 1. 5at. % Zr
Mg~8 to 25at. % Ni 
Mg-9 to 42at. % Cu
representative eng. 
and novel alloys
Effect
improved mechanical 
properties in extrusion
increased compressive yield 
strength
increased tensile and 
impact strength
solid solubility extension 
new fee phase
solid solubility extension
metallic glass formation
microstructural refinement 
enhanced hardening
2. Chill Methods
chill-block 
melt spinning
melt-overflow
ribbon or Mg-30at.% Zn 
strip Mg-Al-Zn + Si/Mn
or Si/RE
twin-roll quench flake
strip
Mg-9wt. % Li t Si or 
Ce
AM60
metallic glass formation 
increased strength and 
corrosion
increased strength at 
elevated temperatures
cost lower than rolled Mg 
foils
3, Surface Methods
melt in-situ treated
surface
ZK60
MA21
Mg-Si
microstructural change 
improved corrosion 
microstructural change
+ Designation of alloy is given in Appendix Al,
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continuous ribbon of a magnesium alloy has been also reported by Calka et. 
al. [20]. The pulverisation of melt spun ribbons [21-23] or chopping of 
twin-roll quenched flake [243 has been employed in the production of RS 
particulate for the purpose of consolidation by extrusion. The melt- 
overflow process has been effectively applied to magnesium alloys by Gasper 
et al. [253. In the sixties, the gun technique of splatting was first 
applied to magnesium alloys [263.
Melting in-situ by laser and/or electron beam has received 
relatively less attention to date for magnesium alloys [27-29]. However, in 
1981, Kattamis [273 reported the effect of laser and electron beam surface 
melting on the microstructure and corrosion behaviour of the high strength 
wrought ZK60 magnesium alloys. Furthermore, in 1985, Kalimullin and 
Kuzhevnlkov [283 reported that laser surface treatment increases 
substantially the corrosion resistance of the Mg-Li base alloy MA21 in 3% 
NaCl solution in comparison with the original deformed condition. Recently, 
Grensing and Fraser [293 have reported the assessment of thermal stability 
of various microstructures of RS Mg-Si alloys of both hypereutectic and 
hypoeutectic compositions, using laser spin melting and melt spinning.
Literature on the consolidation of RS magnesium powders is 
relatively rare. Conventional powder metallurgical techniques have been 
used for consolidation of magnesium powder/particulates. Busk and Leontis 
[193 investigated hot extrusion of atomised powder of a number of 
commercial magnesium alloys in the temperature range of 316*0 to 427*C. The 
mechanical properties of the extruded powders were found not to be 
significantly different from the properties of the mould billets. Isserow 
and Rizzitano [ 17] also carried out extrusion of the REP powders at
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extrusion temperatures from ambient to 371'C. The mechanical properties for 
the room temperature extrusion were found to be better than those reported 
by Busk and Leontis C193. However, those extruded at 121*C showed no 
significant difference between conventional billet and extruded RS powders. 
Recently Nfcissbaum et. al. 1303 investigated the properties of extruded high 
purity AZ91HP alloy ribbon produced by free jet melt spinning and planar 
flow casting methods. The ribbons were cold compacted, degassed and 
extruded. Degassing appeared to have no effect on the tensile properties of 
the extruded AZ91HP magnesium alloy. Different ribbon production methods, 
such as melt spinning and planar flow casting, appear also to have no 
effect on mechanical properties. However, in general, care must be taken in 
comparing mechanical properties of extruded materials as the extrusion 
parameters have been quite different from alloy to alloy and rig to rig.
In the literature, the effect of surface contaminants on the 
mechanical properties and/or corrosion behaviour has not been reported. The 
presence of oxide and/or other surface contaminants on the powders could 
adversely affect their mechanical properties (see table 2.3). Special care 
is therefore required during atomisation and the handling of powders prior 
to extrusion.
TABLE 2.3
MECHANICAL PROPERTIES OF EXTRUDED POWDERS OF A Mg-Zn-Mn ALLOY+ 1313
Relative Oxide UTS
Property
YS El.
Content (MPa) (MPa) (%)
Low 375. 0 328. 0 14. 6
High 292. 0 243. 0 6 . 3
mtlal composition (MEL)
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2. 3 THE MAGNESIUM - ALUMINIUM SYSTEM
2. 3. 1 THE PHASE DIAGRAM
The equilibrium Mg-Al binary phase diagram has been studied by 
many workers [32,333. The equilibrium phases of the Mg-Al system, shown in 
figure 2.1 [343 are; i) the hexagonal closed packed (Mg) solid solution (The 
maximum solid solubility of Al in (Mg) is 12.92 wt.% (11. Ô at.%) at the 
eutectic temperature of 437*C); ii) the face centred cubic (Al) solid 
solution (The maximum solid solubility of Mg in (Al) is 20.54 wt.% (18.9 
at.%) at the eutectic temperature of 450*0; iii) the y phase which has the 
«Mn structure. At 450“C, y has a composition range of approximately 42.51 
to 57.55 wt.% (40 to 55 at.%) Al (The crystal structure of the y phase has 
the stoichiometry Mgi^Aliz (43.94 wt.% (41.4 at.%) Al); iv) the line 
compound R (also designated e in the literature) of composition 60.51 wt.% 
(58 at.%) Al; v) the p compound of approximate stoichiometry Mg^Alg. The p 
compound has a complex fee structure, and at low temperatures it transforms 
martensitically to another structure which has been considered as a 
possible distortion of the p structure. The equilibrium phase relations 
have not been investigated. The three phase equilibria and congruent 
transformation data are given in table 2. 4. The crystal structures of 
equilibrium and metastable phases are given in table 2. 5,
The main difficulties in the determination of the Mg-Al 
equilibrium phase diagram are related with the intermediate phases. In the 
magnesium rich corner, several conflicting versions of the phase diagram 
have been proposed [343 for the compositional range spanned by the single y 
phase region; (1) a single equilibrium y phase with the «Mn structure; (id) 
the same y region with a solid state transformation between (unknown) 
variants of the y-phase structure; and (iii) one or two additional
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Figure 2. 1 Equilibrium phase diagram of the magnésium-aluminium 
system C 34].
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TABLE 2.4
THREE PHASE EQUILIBRIA AND CONGRUENT TRANSFORMATIONS IN THE Mg-Al SYSTEM L341
Phases Composition Temperature Typewt. X Al "CCat. X Al)
(Mg) L Y 23. 3 (21. 5
33. 26 
31. 0
40. 17 
37. 7)
437. 0 eutectic
P L (Al) 63. 93 
(61. 5
=64, 41 
=62. 0
=83.86 
=82.4)
450. 0 eutectic
Y L P =57. 55 (=55. 0
61. 29 
58. 8
62. 17 
59. 7)
450, 0 eutectic
Y R P =50.59 (=48. 0
60. 51 
58. 0
62. 17 
59. 7)
370. 0 peritectoid
Y R P =47. 58 (=45. 0
61. 29 
58. 8
62. 17 
59. 7)
320. 0 eutectoid
L Y 59.13-59.72 (56. 6-57, 2)
=455. 0 congruent
melt
L P
(
=63.93 
=61. 5)
=451. 0 congruent
melt
L (Mg) Mg 649. 0
L (Al) Al 660.452
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Phase
TABLE 2.5
CRYSTAL STRUCTURES OF EQUILIBRIUM AND METASTABLE P%-A1 PHASES L 34]
Prototype
(Mg)
Y (Mgl 7AI 1 ; 
R
P(MgaAls) 
(Al)
Approximate Composition Range, wt. X Al (at.% Al)
0-33. 26 
(0-31. 0)
42. 01-57. 55 
(39. 5-55, 0)
60, 51 
(58. 0)
52, 17-63. 93 
(59, 7-61, 5)
82.92-100.0 
(81, 4-100. 0)
PearsonSymbol
hP2
cI58
hR53
cfll68
cF4
SpaceGroup
Pe^ /mmc
143m
R3
Fd3m(0^h)
Fm3m
Mg
=<xMn
CoCrMo
=Cd^Na
Cu
Atoms per Cell
58
= 1168
Metastable Phases
MgAl;
Y'
6 8. 96 
(6 6, 7)
43. 84-62. 46 
(41, 3-60, 0)
tI24
tetragonal
14,/amd Ga-»Hf 24
58
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equilibrium phases (of unknown structure) formed by perltectic reactions 
from the liquid. There is however a universal agreement that the 
compositional range of 42.51 to 50.59 wt.% (40 to 48 at.%) Al consists of 
the single-phase y, with the undistorted cubic (xMn structure.
The nonequilibrium precipitation of the R phase from the liquid 
considerably narrows the apparent range of the y phase field, but 
conflicting diagrams involve a y' phase observed at the Al-rlch side of the 
y phase field. The y' structure has not been determined, except that it 
appears to be similar to the y phase and has been partially Indexed on a 
large tetragonal cell C353, Predel and Hulse [36] have observed the 
existence of y' in the compositional range between 44.55 to 63.44 wt.% <42 
to 61 at.%) Al in splat-cooling experiments and the tetragonal distortion 
decreased with decreasing aluminium content; beyond 44.55 wt.% (42 at.%) 
Al, the structure was the cubic <xMn (y),
2.3.2 PHYSICAL METALLURGY
The early work carried out in magnesium alloys has been based on 
microstructural studies using optical microscopy and on the evaluation of 
the mechanical properties.
The general effects of aluminium additions to magnesium on the 
mechanical and corrosion properties can be understood in terms of its 
microstructure. In the ingot metallurgy processing route the addition of 
aluminium is well known to have an effect in refining the structure of 
magnesium and to improve the tensile properties. It must be noted however 
that the Mg-Al type casting alloys, whilst admirable in many ways, show two 
general defects. They exhibit some tendency towards microporosity in thick
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and underfed sections of the castings, and secondly, show relatively low 
ductility when heat treated to maximum proof stress C4]. The optical 
metallography of Mg-Al binary cast and wrought alloys has been reported in 
the literature [4,37]. Many researchers have also studied the age-hardening 
of magneslura-aluminium alloys C37-403.
Fox and Lardner [373 have observed that the rate of hardening on 
ageing at a given temperature Increases as the aluminium content increases 
with the degree of hardening produced with alloys less than 8 wt. % Al being 
relatively small. The maximum hardness for a given alloy at lower 
temperatures of ageing has been attributed to precipitation. For alloys 
with higher aluminium content (> 8wt.% Al), the hardness peak was observed 
at 200'C and above and softening occurred at longer times of ageing. Any 
appreciable hardening in the early stages was not observed during ageing of 
a 12 wt.% Al alloy at 130*C. This has been attributed to no visible 
precipitation being detected under the optical microscope during this 
period of ageing. However, as soon as a measurable hardness Increase was 
observed, the precipitate (Mgi^Ali^) was clearly discernible under the 
microscope. Talbot and Norton C413 have also confirmed the correlation 
between precipitation and hardening of a Mg-9.6wt.% Al alloy and have 
observed a correlation in hardness increase at ageing temperatures of 1 0 0', 
150', and 175'C with precipitation visible under the optical microscope and 
with changes in electrical resistance, dilation and lattice spacing.
Talbot and Norton [413 attributed the hardening effects to 
precipitation at the grain boundaries first, and later within the interior 
of the grains. This attempt to relate hardness and precipitation is not 
simple, as the hardness values tend to attain their maximum value before
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precipitation. The careful metallographic work of Fox and Lardner [37] has 
thrown further light on this relationship. The best properties have been 
found to be obtained with finer precipitates. Four general forms of 
precipitates have been observed in binary with compositions up to 12
wt.% Al: a) precipitates growing from the grain boundaries, b> precipitates 
forming within the grains, c) a mosaic form of precipitates, and d) coarse, 
spheroidized precipitates. At higher temperature and longer ageing times, 
the precipitates were found to be coarser and the appearance of form (b) 
followed and superseded the formation of form (a). For a given 
precipitation treatment the higher the aluminium content of the alloy the 
finer was the form of the precipitate.
Available literature dealing with RS magnesium rich Mg-Al binary 
alloys is very limited [21,26,42,6^,The microstructure of rapidly solidified 
magnesium alloys is very difficult to resolve by optical microscopy. The 
commonly observed featureless (Zone A) type of microstructure in RS 
aluminium alloys [433 has been observed in these magnesium alloys [213. 
Recently, Nussbaum et al. C30] have reported such featureless zone in a 
high purity AZ91 H. P. alloy produced by the free jet melt spinning 
technique. The as-cast RS ribbons of Mg-10 wt.% Al alloy produced by planar 
flow casting showed elongated grains with an average grain size of =1.5 pm 
and cell size of =0.3 pm. On consolidation the largest grain in the binary 
alloy was noted to be 1.3 pm [213. In a consolidated alloy of similar 
composition produced by the twin-roller quenching technique a grain size of 
11 pm was observed [423. Table 2.6 tabulates some of the grain sizes of 
magnesium-aluminium binary and Mg-Al base alloys with reference to their 
processing technique.
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Alloy 
Ingot Metallurgy
TABLE 2.6
GRAIN MORPHOLOGY OF SOME MAGNESIUM-ALUMINIUM BASE ALLOYS 
Form Average Grain 
Size, pm
AZ80A (Mg-8Al-0.5Zn) Bar stock 38. 0
Rapidly Solidified 
Mg-10A1 As-cast ribbons 1. 5
Mg-10, 9A1 extruded flake 11, 0
Mg-13. 2A1-S1 extruded flake 2, 4
Mg-10Al-lSi as-cast ribbons = 1. 0
Mg-10Al-3Si as-cast ribbons 0 . 8
Mg-5A1—2Zn-ICe as-cast ribbons 0. 56
Mg-5Al-2Zn-lCe extruded ribbons 0. 7
Mg-5Al-2Zn-0. 5Pr as-cast ribbons 0. 7
Mg-5Al-2Zn-0. 5Pr extruded ribbons 0. 7
Mg—5A1—2Zn—2Y extruded ribbons 0. 36
Mg—8A1—IZn—ISi—0. 5Nd as-cast ribbons 0. 55
Mg-5Al-2Zn-0. 5Si-lPr as-cast ribbons 0 . 62
AZ91 H. P. as-cast ribbons 1.5—5. 1
Morphology 
of grains
elongated
equiaxed
equlaxed
Ref.
polygonal, 
featureless, cellular
2-4
24
Z-4-
2 . 4
2.4 
22 
22 
22 
22 
22 
22 
22
30
20
Meschter [423 has reported that a RS Mg-10.9 wt.% Al alloy aged
at 140'C or 180*C showed a uniform lamellar microstructure typical of
complete discontinuous precipitation in contrast to small volume fractions
of discontinuous precipitation observed in similarly aged conventionally
cast Mg-C8“10>wt. % Al alloys reported earlier in the literature 137,40,413.
This was attributed to the grain refinement produced by RS processing which
increases the nucléation rate of discontinuous precipitation cells and
limits the volume fraction of continuous precipitation which can be
produced in aged RS Mg-10 wt.% Al alloys. Moreover, the improvement in
mechanical properties in RS Mg-Al alloys was attributed to the combination
of grain refinement and increased density of (continuous and discontinuous)
Mgi/'Al-isa precipitates. Meschter 1423 has also observed that 2 percent
fracti onstrain prior to ageing Increased the volume^of continuous precipitates and 
hence the yield stress at low ageing temperatures.
Room and elevated temperature tensile properties of extruded RS 
Mg-5 wt.% Al alloy powders are given in table 2.7. There is a dramatic 
decrease in tensile and yield strengths with temperature up to 200'C by 62% 
and 69% respectively which is accompanied by a 61% Increase in elongation 
over the same temperature range.
TABLE 2.7
TENSILE PROPERTIES OF THE EXTRUSIONS OF RS Mfe-SWT. % Al ALLOY POWDER 1313
Temperature YS UTS El.
•C MPa MPa %
20.0 211.0 274.0 4.0
100.0 159.5 212.0 5.5
150.0 115.5 155.5 9.5
200.0 65.0 105.0 10.25
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Addition of alloying elements to the Mg-Al binary system has been 
directed towards improving its mechanical properties (see table 2 ,8 ) and/or 
corrosion resistance. Improvements of corrosion resistance will be 
discussed in section 2.4.2. 3. Zinc additions to alloys of the Mg-Al system 
result to grain refinement and increase in strength. This however has a 
considerable effect on the tendency of Mg-Al castings to show microporosity 
in the A8 <Mg-8Al) and AZ91 <Mg-9,5A1-1.5Zn) alloys, In addition an 
increased tendency towards hot cracking and reduced weldability has
been observed following Zn additions. The latter are known to have improved 
the corrosion resistance in salt water tests, but have little or no effect 
on atmospheric exposure tests or in-service behaviour [4].
In magnesium alloys the adverse effects of iron impurities and 
other nobU-metal impurities are greatly reduced by the addition of 
manganese, thus improving their corrosion resistance [443. A corrosion 
resistant magnesium alloy AZ91C-HP, containing Al, Zn and Mn as principal 
alloying elements, and with high purity Mg to minimise the effect of Fe and 
Ni on the corrosion resistance, has been developed by AMAX and the Dow 
Chemical Company [63.
Additions of silicon, zirconium and rare earths have been known 
to improve the mechanical properties as these elements form thermally 
stable intermediate phases having low solid solubility in magnesium [453. 
Table 2. 9 gives the values of maximum solid solubility for several alloying 
elements in magnesium, and the intermediate phase with the respective 
decomposition temperature. The alloying additions have resulted in 
increases of room temperature UTS by 55% to 98%, of YS by 70% to 126% and 
of elongation by 33% and 25% for extruded ribbons of Mg-5Al-2Zn-0.5Ce and
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TABLE 2.8
ROOM TEMPERATURE PROPERTIES OF CONVENTIONAL 
AND RAPIDLY SOLIDIFIED MAGNESIUM ALLOYS
Alloy Form Density
g/cc
Hardness
RB
YS
MPa
UTS
MPa
El.
%
Re
A291HF -T6 
Mg-8Al-0. 2Zn 0.IMn
wrought 1. 81 50 131 276 5. 0 23
AZ91HP -T6 
Mg-8Al-0. 2Zn. 0. IMn
cast 24 167 329 11. 1 30
AZ91HP F 
Mg-8Al-0, 2Zn 0. IMn
cast 27 226 313 15. 6 30
AZ91HP 
Mg-8Al-0.2Zn-0. IMn
extr. ribb. 68 391 457 12, 1 30
Mg-8. 2A1-0.3Zn-0. 5Mn 
-1. 5Si
extr. ribb. 1. 84 68 393 449 9. 4 23
AZS 912
Mg-9Al-0. GZn-0.5Mn 
-1. 5 SI
extr, ribb. 1. 84 68 393 448 9. 5 46
Mg-5Al-22n-0. 5Ce extr. ribb. 1, 89 66 359 425 17. 5 23
Mg-5A1—2Zn-*lCe extr. ribb. 1. 93 77 425 487 10. 1 23
Mg-5Al-2Zn-0. 5Pr extr. ribb. 1, 89 65 352 427 15. 9 23
Mg-5Al-2Zn-1Pr extr. ribb. 1. 94 81 447 491 3. 5 23
Mg-5Al-2Zn-lPr~0. 5Si extr. ribb, 1. 94 82 476 516 5. 0 23
Mg“5Al~2Zn~lY extr. ribb. 1. 90 80 448 496 4. 3 23
Mg-5Al-2Zn-2Y extr. ribb. 1. 93 81 456 513 5. 0 23
AZW 557 
Mg-5Al-5Zn-7Y
extr, ribb. 1, 93 81 455 510 5, 1 46
Mg-5Al-2Zn-lNd extr, ribb. 1. 94 81 434 475 13, 8 23
AZE 555
Mg-5Al-5Zn-5Nd
extr. ribb. 0. 07 80 434 476 14. 0 46
Mg-5Al-2Zn-0. SMn-lNd extr, ribb. 1. 96 80 441 476 14. 0 23
ZK 60A -T5 wrought 1. 83 50 303 448 11. 0 23
Mg-2. lZn-0. 2Zr
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Mg-5Al-2Zn-lPr-0.5Si alloys respectively over equivalent properties of the 
Mg“5Al binary alloy given in table 2.7.
TABLE 2.9
VALUES OF MAXIMUM SOLID SOLUBILITY FOR SEVERAL ALLOYING ELEMENTS IN Mg AND INTERMEDIATE PHASES WITH RESPECTIVE DECOMPOSITION TEMPERATURES
System Maximum Solid Intermediate DecompositionSolubility, wt.% Phase Temperature, ‘C
C9, 101 [93 C93
Mg-Zn 8. 4 MgZn 347. 0
Mg-Al 12, 7 Mgi t-AI 1 a 462. 0
Mg-Tb 24. 0 580. 0
Mg-Y 12. 0 Mga^Ys 605. 0
Mg-Ce 2. 2 MggCe 622. 0
Mg-Gd 23. 5 Mg^^Gd# 640. 0
Mg-Th 5. 0 Mga-aThe 772. 0
Mg-Si =0 . 0 MgaSi 1097. 0
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2. 4 AQUEOUS CORROSION OF MAGNESIUM ALLOYS 
2.4. 1 INTRODUCTION
Corrosion of metals in an aqueous environment is almost always 
electrochemical in nature. It occurs vdien two or more electrochemical 
reactions take place in a metal surface. As a result, some of the elements 
in the metal or alloy change from a metallic state into a nonmetallic 
state. The products of corrosion may be dissolved species or solid 
corrosion products. In either case, the energy of the system is lowered as 
the metal converts to a lower energy state.
The kinetics of aqueous corrosion of metals can be explained by 
an oxidation reaction (generally metal dissolution or oxide formation) and 
a cathodic reduction (such as proton or oxygen reduction), which must 
proceed simultaneously.
The anodic reaction in every corrosion reaction is the oxidation 
of a metal to its ion. This can be written in general form as:
OXIDATION (anodic) M 4 + ne“
There are several different cathodic reactions that are 
frequently encountered in metallic corrosion. The most common are:
REDUCTION (cathodic)
Hydrogen evolution 2H^ * + 2e~ 4 H^f
Oxygen reduction
(acid solutions) O-» + 4H"^  + 4e“ 4 2H^0
(neutral or basic solutions) 0^ + SH-jO + 4e“ 4 40H~
Metal ion reduction M^ "^  + e" 4 M^-^-
Metal deposition M"’ + e“ 4 M
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Hydrogen evolution is a common cathodic reaction since acid or 
acidic media are frequently encountered. Oxygen reduction is also very 
common, since any aqueous solution in contact with air is capable of 
producing this reaction- Metal ion reduction and metal deposition are less 
common.
Aqueous corrosion is a complicated process that can occur in 
various forms and is affected by many chemical, electrochemical and 
metallurgical variables, including C47,483:
- the composition and metallurgical properties of metal or alloy
- the chemical (composition) and physical (temperature and
conductivity) properties of the environment
- the presence or absence of surface film/s
- the properties of the surface films such as 
resistivity, thickness, nature of defects and coherence.
The structure and composition of both metals and alloys are 
important in deciding their corrosion characteristics. Indeed, structure 
and composition are critical in many forms of localised corrosion, For a 
metal or alloy to corrode evenly every site in the surface must be 
energetically equivalent and therefore equally susceptible to dissolution, 
This, however, is never the case.
2.4.2 CORROSION OF MAGNESIUM AND ITS ALLOYS
Magnesium is strongly electronegative and its tendency to become 
passive is considerably less than that of aluminium. However, with a 
passive film, it is so electronegative that It can displace hydrogen from 
water. ' It
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corrodes in water and salt solutions and dissolves very rapidly in acids, 
except in pure hydrofluoric and selenic acids. In alkalies, magnesium forms 
a protective film of which makes it corrosion resistant [4-93.
Magnesium, when exposed to atmospheric oxygen, forms a surface 
layer of oxide and hydroxides which retards further corrosion. However, 
this protective layer is relatively weak and is susceptible to attack by 
chloride containing environments, thus seriously limiting wider practical 
applications of magnesium and its alloys. Several types of surface 
treatments may be applied which may give sufficient protection against 
corrosion. However, during service, damage can be inflicted on the treated 
surface and hence it is important to reduce the base metal corrosion as 
much as possible [4,503.
The corrosion performance of magnesium parts in service is a 
combined result of many factors. In general, these can be categorized as 
environmental, foundry practice, base metal composition, design and 
assembly practice and finishing,
Following studies on corrosion mechanisms and alloying element 
effects in magnesium alloys a number of approaches could be suggested to 
achieve an understanding and subsequently to improve the corrosion 
resistance properties. A first approach, involves alloy development with 
the objective of forming a protective film. This has initiated research 
towards a better understanding of protective film composition and structure 
and of its stability through alloy design via RS. Another approach is to 
investigate the influence on corrosion behaviour of addition elements such 
as Fe, Co, Cu and Ni. The effects of heavy metals on the corrosion
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characteristics of magnesium have been studied extensively for the cast and 
wrought alloys. Work on passive film formation in magnesium and its alloy 
has been very limited. This may be attributed to the limited capability of 
the available techniques, until recently, to study the near surface 
regions,
2. 4. 2. 1 EFFECT OF ALLOYING ELEMENTS, IMPURITIES AND MICROSTRUCTURE
Much of the corrosion studies on magnesium reported to date are 
on casting and wrought alloys and most of the studies have been carried out 
in salt water. Hanawalt et al. C513 have made a critical analysis of 
corrosion of magnesium and its alloys in 3% NaCl and found that out of the 
fourteen elements studied as a binary combination with magnesium, four 
(iron, copper, nickel, and cobalt) had a profound accelerating effect on 
salt water corrosion rate at contents of less than 0.2 wt.%. Silver,
calcium and zinc had modest effects at concentrations of 0.5 to 5 wt.%, 
while the others (Al, Sn, Cd, Mn, Si, and Na) had little, if any, effect at 
concentrations up to 5wt.%. The corrosion performance of magnesium and its 
alloys is greatly affected by metallic impurities, which overshadow the 
effects of flux inclusions, nonmetallic impurities, porosity and grain 
size. Chemical pickiip of heavy metal contamination during casting 
operations of magnesium and its alloys has been extensively observed and 
reported in the literature C6, 51,52].
Aune C503 has determined the corrosion performance in 5% NaCl of 
AZ-type castings as affected (a) by iron and other heavy metal content and 
its distribution, (b> structural changes (affected by composition, 
solidification and other processing parameters of casting), and
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(c) porosity. The conclusions drawn from this study suggest a necessity to 
minimise: (i> heavy metal contamination from raw materials and foundry
practice, (ii) minimise porosity, and (iii) aim for a fine grained
structure with a fine divorced form (non-globular) of the secondary phase.
In the literature, two possible routes have been reported to 
have minimised heavy metal contamination in castings, namely addition of 
manganese to the alloy C443 and improvement in the foundry practices to 
produce high purity magnesium with heavy metal contamination well below 
their respective tolerance limit and/or casting process C63.
Addition of manganese in general improves the corrosion 
resistance of magnesium alloys. Two types of mechanisms have been
suggested: 1) Manganese combines with iron and precipitates it to the melt
bottom (53,543j and 2) manganese encapsulates the iron particles that
remain suspended in the metal during solidification, thereby rendering them 
inactive as local cathodes (49,543. In the absence of manganese, hydrogen 
evolution during corrosion takes place at cathodic Inclusions containing 
iron. Manganese increases the corrosion resistance of magnesium by 
formation of intermetallic compounds (containing iron, manganese and 
magnesium) which have a higher overpotential of hydrogen evolution than the 
cathodic inclusions free from manganese (493. Reichek et. al. (63 have 
found that in the A291 alloy the iron tolerance was 3.2 wt.% of the 
manganese content of the alloy regardless of the pouring temperature, that 
is, whether it was die cast (5-10pm grain size) or gravity cast (150-200jxm 
grain size). Furthermore, Fox and Bushrod (553 have found that the as-cast 
magnesium base aluminium and manganese containing alloys were more
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corrosion resistant to salt water corrosion than the same material in the 
fully heat-treated state.
Large concentration additions of aluminium in magnesium binary 
alloys have a beneficial effect on the corrosion behaviour. Additions up 
to 10% do not lower the corrosion resistance of magnesium, It is also known 
that large additions of Al lower the tolerance limits of Fe, while 
additions of 0.2 wt.% of Mn stabilise this limit in the presence of 2 to 10 
wt.% Al. Lunder et al. [44] have studied the corrosion rate (in 5% NaCl 
solution) of a mould cast AZ91 alloy containing Fe and Mh and concluded 
that the Fes Mn ratio is the basic parameter determining the corrosion rate 
for a given thermomechanical history of the alloy.
Busk and Leontis C19] co-extruded M1+AZ3Î and M1+AZ61, and 
achieved significantly improved stress corrosion cracking behaviour. The 
improved corrosion properties were attributed to galvanic protection of Ml 
to the microscopically distributed AZ31 alloy particles in the co-extruded 
material, and the relatively improved homogeneity. The effect of 
microscopic features on corrosion is reiterated in the work of Kattamis 
C273 who demonstrated a decrease in corrosion rate with a decreasing number 
of MgyZna particles in a surface melted layer of a Mg-Zn-Zr alloy, Zinc 
additions are known to have improved corrosion resistance in salt water 
tests, but have little or no effect on atmospheric exposure tests or in« 
service behaviour [43.
2.4.2.2 ROLE OF RAPID SOLIDIFICATION PROCESSING
The potential of RS processing for the development of corrosion 
resistant magnesium alloys has been explored by many workers. A number of
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magnesium binary alloy ribbons have been recently investigated [56] using 
electrochemical impedosnce spectroscopy CEIS) to evaluate the effect of 
alloying and rapid solidification on corrosion properties of magnesium. The 
estimated corrosion rates were derived from the tests carried out in non­
chloride boric-borate solutions with pH of 9.3. The results have indicated
that amongst the elements investigated (Si, Ca, Zn, Li, Al), aluminium has
increased'
a beneficial effect. The corrosion rate decreased withy^aluminlum content. 
Surface analysis indicated that the air-formed oxide on the Mg-Al alloys 
had a layered structure composed of MgO/Mg-Al-oxide/alloy, with the oxide 
becoming (Mg-rich) thinner with increasing Al content t56]. The high 
corrosion resistance was attributed to the nature of this oxide,
The recent work of Chang et al. [21-23,571 provides direct 
evidence of improved corrosion resistance in magnesium alloys due to rapid 
solidification. The Mg-8 . 2A1-1. 5Si-0. 3Zn-0, 5Mn and Mg-5. lAl-4,9Zn-6.7Y 
alloys (composition in wt,%), had corrosion rates of 15 and <10 mpy 
respectively in a 3% NaCl solution. This is significantly lower than the 
rates reported for the conventionally prepared high purity AZ91HP-T6 alloy, 
Superior corrosion behaviour has also been reported for RS Mg-Al-Zn-Nd and 
Mg-Al-Zn-Y alloys in comparison with commercial and high purity magnesium 
IM alloys C19,203. This has been attributed to a combination of factors 
such as the refinement of the microstructure and the formation of the 
(Fe,Mn>Ala compound which was postulated to minimise local galvanic 
effects. The Improved corrosion resistance of rare earth CRE> containing 
alloys was attributed to the formation of a surface protective film as the 
result of a reaction of the saline solution with the RE element or the 
small reduction potential difference between Mg and the RE element [46,573,
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However, no experimental evidence of the existence of such a protective
drawn attention to th<a f«ct film was provided. Das and Davis [93 havey^ that the RE elements
yttrium, praseodynium and neodymium have electropotential very close to
that of magnesium. Table 2. 10 lists the various characteristics of several
potential RS alloying elements for magnesium. Table 2,11 gives some of the
corrosion properties of the conventional corrosion resistant alloys and of
novel developmental RS alloys.
TABLE 2. 10
CHARACTERISTICS OF ALLOYING ELEMENTS IN MAGNESIUM C91.
Alloying Maximum solid Wjg-rich phase Melting Electrochemical
element solubility, at.% Point Potential
•c V
Mg -2. 375
Y 3, 8 MgzaYe >620 -2. 37
Nd 0, 1 MgsNd >640 -2. 246
Pr 0, 09 Mgi2?r >602 -2. 2
Al 11. 8 MgivAlI % 462 -1. 706
Zr 1. 04 MgaZr --- -1. 43*
Mn 0. 996 a-Mn -1, 029
Si 0.00288 Mg=Si 1085 -0. 843*
Zn 3. 3 MgrZne 350 -0, 763
Fe 0.00043 Of—Fe ———— -0, 409 (Fe=^)
-0,036 CFe®-)
Co low MgCoa >970 -0. 28
Ni <0, 04 Mg=Ni >760 -0, 23
Sn 3, 35 M^^Sn 778 -0. 1364
G 0, 003 MgaGe 1117. 4 0. 12*
Sb <0. 04 MgaSb 1245 0. 1445*
Cu 0, 013 MgsCu 568 0. 340 (Cu=+)
0.552 (Cu+)
* MO2 + 4H+ + 4e” — > M +2H-*0
# MffiOs + 6H+ + 6e~ — > 2M + 3H%0
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TABLE 2. 11
CORROSION RATES OF MAGNESIUM ALLOYS IN SALINE ENVIRONMENT
Alloy Composition
wt.%
Form Corrosion 
rates, mpy
Ref
AZ91HF --T6 Mg-8Al-0. 2Zn 0. IMn wrought 50 23
AZ91HP Mg-8Al-0. 2Zn-0. IMn extr. rlbb. 50 30
AZ91HP Mg-8Al-0. 2Zn 0.IMn cast 50 30
Mg-8. 2A1-0. 3Zn-0. 5Mn-l,5Si extr. ribb. 15 23
AZS 912 Mg—9A1-0. 6Zn-0. 5Mn—1.5Si extr. rlbb. 15 46
Mg-5Al-2Zn-0. 5Ce extr. rlbb. 545 23
Mg-5AI-2Zn-lCe extr. rlbb. 766 46
Mg-5Al-2Zn-0. 5Pr extr. rlbb. 315 23
Mg-5Al-2Zn-lPr extr. ribb. 29 23
Mg-5Al-22n-lPr-0, 5S1 extr. ribb. 14 23
Mg-5Al-2Zn-lY extr. ribb. 12 23
Mg-5Al-2Zn-2Y extr. ribb. 8 23
AZW 557 Mg-5Al-5Zn-7Y extr. ribb. 14 46
Mg-5A1—2Zn-INd extr. ribb. 11 23
AZE 555 Mg-5Al-5Zn-5Nd extr. rlbb. ir 46
Mg—5A1—2Zn-0. 5Mn—INd extr. ribb. 22 23
ZK 60A -~T5 Mg-2. iZn-0. 2Zr wrought 104 23
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Joshi and Lewis C563 have studied various RS Mg binary alloys 
and in particular the benefits of RS for microstructural modification, 
thermal stability, corrosion and mechanical properties. Based on these 
observations multicomponent alloys were prepared by RS processing and 
synergistic effects of the alloying elements on the mechanical properties 
and corrosion behaviour were studied. These studies provided a choice from 
a broad base of solute elements rather than narrowing down a specific alloy 
composition range within the favourable alloying elements. An attempt was 
also made to stress the Importance of surface oxide characteristics 
resulting fvorjRS processing.
2. 4. 2. 3 RECENT EVALUATION OF THE CORROSION RESISTANCE OF Mg-Al ALLOYS
Kruger et. al. [583 have suggested that the corrosion resistance 
of the oxide/hydroxide film on magnesium alloys could be understood better 
if the following basic information about the film were available, namely: 
(1) 0-0 and 0-Mg nearest neighbour; distances for the thin oxide or 
hydroxide films on 1%  alloys; (2 ) the co-ordination number of oxygen in 
these films; <3) a measure of disorder of oxide or hydroxide in the film; 
and (4) the composition of the film. These points were Investigated on film 
formation on magnesium and Its alloys using ellipsometry, potentiodynamic 
and reflection extended X-ray absorbed fine structure (Refl. EXAFS) 
techniques C59, 603. Magnesium oxide and magnesium hydroxide were considered 
as possible structures found in the film on the surfaces of pure magnesium 
and the AZ61 alloy [593. Ellipsometric measurements indicated a thick film 
while electrochemical polarization measurements suggested that the films on 
the cast and RS AZ61 (melt spun ribbons) were more resistant to breakdown 
in chloride environment than the films on pure magnesium. However, at
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higher pH and non-chloride containing environments, pure magnesium had 
moresurface films of^protective nature than the cast AZ61 alloy.
Kruger et al. [58] have attributed the corrosion resistance of 
magnesium alloys in chloride environments to elements like Al, Zn or B that 
promote hydrogen bonding in the hydroxide films. Addition of Si in these 
alloys is envisaged as promising to produce a SiO^ surface protective film. 
A similar investigation on the oxide film covering Mn-containing magnesium 
alloys has shown it to contain an appreciable fraction of manganese 
hydroxides. This was considered to be a possible way for improving surface 
passivity [60,613. Thorne et al C623 have also compared the surface oxide 
formed on pure Mg and commercial AZ91 (9wt.%Al) and WE54 (5wt.% Y) alloys. 
Incorporation of the alloying elements within the oxide was observed. 
Surface enrichment by a factor of five for Y was reported for the WE54 
alloy. The passivity of the natural oxide formed on these alloys is 
envisaged to play a key role in their corrosion performance.
Joshi et al. [633 have studied extruded RS Mg-Al-Zn based alloys 
and reported differences in corrosion rates of the same alloy determined by 
different corrosion evaluation techniques ŒIS and immersion test in NaCl). 
The corrosion mechanisms in the immersion tests in NaCl were related to 
interparticulate or grain boundary corrosion of the RS extrusions. Oxide 
films along the particulate interfaces were detrimental for corrosion 
evaluation. In the case of ribbons high EIS corrosion rates were attributed 
to the surface oxide and its chemistry and to a defect structure differing 
from that in the extruded alloy.
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Hehmann et al. C643 have investigated the corrosion behaviour 
of RS Mg-Al alloys containing 10 to 24wt.% Al in aerated 0.001 mol NaCl 
solution and compared it with the corrosion of chill cast alloys of the 
same composition. Electrochemical characterisation, using potentiodynamic 
polarisation and potentlostatic polarisation methods showed a decrease in 
corrosion potential as well as corrosion current (by two orders of 
magnitude). This was attributed to the single phase RS alloy. From the 
results of the chemical analysis of the electrolyte it was suggested that a 
protective film, enriched with aluminium, was formed.
On the other hand, Lunder et el C653 have investigated the role 
of the Y~ phase (Mgi^Aliz) in the corrosion of AZ91 in 5% NaCl solution 
using an immersion test. The Y“Phase was inert to the chloride solution in 
comparison to the surrounding Mg matrix, and acted as a corrosion barrier. 
According to these authors [653 the distribution of the y phase determined 
the corrosion resistance of Mg-Al base alloys. Further more, Gjestland 
et al. [663 have noticed no change in the corrosion resistance of RS and 
conventionally cast AZ91 alloys. Microstructural refinement was observed in 
the RS alloys. The corrosion resistance of AZ91 alloys was attributed to 
the refinement of the precipitates on the grain boundaries [65,663.
Although iron in the bulk alloy has a very adverse effect on the 
corrosion resistance in chloride containing solutions, the implantation of 
iron ions has been shown to have a favourable effect (ennoblement of the 
magnesium matrix) which is only slight fov pure magnesium but strong fov 
AZ91C [673. Similar favourable results have been reported for boron 
implantations. Instances of reduction In the rate of corrosion by the 
formation of, or increase in, the number of microcathodic inclusions have
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also been observed under conditions of possible anodic passivation. In 
these cases the presence of cathodic inclusions such as precipitates 
increased the anodic polarization of the anodic matrix and (as a result of 
the ennoblement of its potential) promoted passivity C683. Since RSP tends 
to homogenise the material and brings about wide compositional changes and 
new phase formation choices, it has been suggested that improvement of 
corrosion resistance in magnesium alloys could also be sought by 
appropriate alloying via RS or ion implantation to shift the electrode 
potential of magnesium to more noble values [693.
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2.5 CONCLUSIONS
Recent research has Indicated that the RS route can be beneficial 
for certain magnesium alloys in terms of their corrosion and mechanical 
properties. Researchers have approached the corrosion behaviour of 
magnesium alloys from different points of view based on processing, 
alloying additions and microstructure. There is unanimous agreement that 
the corrosion resistance of magnesium alloys is improved by additions of Al 
and of rare earths to 1%-Al base alloys.
Use of high purity materials and care during processing to avoid 
contamination are essential requirements for the achievement of low 
corrosion rates in Mg alloys. RS Mg-Al binary alloys exhibit good corrosion 
resistance which improves as the aluminium content increases.
The nature of the surface film formed on magnesium base alloys 
(including the Mg-Al binary alloys) is still unknown. The role of second 
phase particles (including the yAl^ phase in Mg-Al alloys) in the 
corrosion of Mg alloys is still unclear.
Alloying the Mg-Al binary with elements like Mn, Si, Zn and rare 
earths does not affect the corrosion resistance significantly but 
>Yio,Y/(edlly improves their tensile properties.
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CHAPTER III 
EXPERIMENTAL PROCEDURES
3. 1 INTRODUCTION
As stated in chapter I, the objective of this thesis is to
establish the mechanism of protection of Mg-Al alloys as a function of Al 
content. In order to achieve this objective a number of experimental 
techniques were adopted which are complementary to each other. These
include optical microscopy; XRD; electron microscopy; SEM; STEM, TEM and 
EPMA; XPS; and ion beam analysis; RBS and ERDA. The spatial and depth 
resolutions of the techniques used in this study are shown schematically in 
figure 3,1. For bulk analysis by electron microscopy and surface analysis 
of the corrosion products, new specimen preparation techniques were 
developed. As will be shown in chapters 4 and 5 this approach has enabled 
us to understand the structural chemistry of the surfaces of the alloys 
before and after immersion in the corrosive environment and to propose a 
mechanism which accounts for the improved corrosion resistance.
3.2 PRODUCTION OF SPLATS AND THEIR HANDLING
The twin piston splat quenching technique was used to produce 
splats of Mg-Al alloys of compositions 3.5, 10 and 16 wt. % Al at the
University of Sheffied. The Mg-Al alloy ingots were supplied by Magnesium 
Elektron Ltd. . Specimens of 100 rag were levitation melted as described by 
Sahin [703. The levitation coil consisted of a 30“ conical lower section, 
the first two turns being co-planar, the external diameter increasing in
four turns to 65 mm and having two stabilising reverse turns of 40 mm
external diameter. Power was supplied by a 15kW/450kHz Radyne generator.
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Figure 3. 1 Schematic diagram showing the spatial and depth resolutions of the experimental techniques used in this study.
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Synchronisation of both twin piston quenching units was achieved 
by a falling weight triggering two microswitches, the first switch 
deactivating the RF generator and the second releasing pressurized argon 
causing rapid acceleration of the pistons towards each other and catching 
the falling charge between them. The argon pressure used to drive the 
pistons was 2 MPa.
The twin piston unit was evacuated to 10"*^ Torr, filled with 
argon to atmospheric pressure and operated under argon. Copper pistons 
were used as quenching substrates. The piston surfaces were polished with 
a wet emery paper, and finished with a grade No. 800 paper and %pm diamond, 
This was done in order to improve thermal contact and also to minimise 
contamination with copper particles (see below; section 3.3). Splats of 
=100pm thickness were produced. The pistons were re-polished after a set of 
ten splats was produced.
The splats were packed in plastic containers under argon and 
transported to the University of Surrey under an argon atmosphere. 
Subsequent handling at the University of Surrey was carried out under argon 
in a controlled atmosphere glove box (oxygen content <0.2%) with short 
exposures to air during the transfer of the specimen to various 
instruments.
A set of stainless steel die and punch was prepared to cut out 
20mm by 5mm splat specimens for bulk and surface studies. A sharp edged 
hollow punch incorporated in the design minimised the surface contamination 
from the direct contact of the punch. Acetone was used to clean the
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cutting edge prior to specimen preparation. When the die and punch set was 
not in use it was covered by a plastic cover to protect it against dust.
3.3 SURFACE CONTAMINATION DURING PROCESSING
As-splatted specimens were examined by electron probe micro­
analysis (EPMA) for "deleterious" copper contamination on the surface of 
the splats. From every batch of 40-50 splats about 5 to 10 splats were 
sampled out for such examination, Rutherford backseattaring spectrometry 
(RBS) was also employed to complement the EPMA analysis (see below).
Surface contamination from the specimen preparation (using the 
die and punch) was also assessed by EPMA. Cleaning the die and punch with 
acetone, prior to punching out the specimens, minimised any iron 
contamination at the edge of the specimens. Furthermore, specimens were 
handled using plastic tweezers to avoid any further surface contamination.
3. 4 SPECIMEN PREPARATION
3. 4 1 OPTICAL MICROSCOPY
Specimens for optical microscopy were prepared using a Struers 
automatic polishing machine, PLANOPOL-2 with PEDEMAX-2 head (for polishing 
menu see Appendix A2). The as-cast ingot and splats were mounted in a low 
temperature setting resin, EPOFIX resin (Struers), to avoid any 
microstructural changes by temperature rise during the setting of the resin 
especially for the splats. The specimens were polished down to 1pm diamond 
and then further polished with 1:20 dilution of OP-S solution (Struers) 
with distilled water to reduce etching due to the OP-S solution. Chemical 
etching was done using 5ml acetic acid in 95ml of water solution [713. I'he
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specimens were stored in a desiccator. A Zeiss optical microscope and
Cambridge 250 SEM were used to observe the as-cast and splat microstructure
I
as well as the porosity within the splat cross sections. |
3.4.2 ELECTRON MICROSCOPY
Specimens of 3mm diameter were punched out for transmission |
electron microscopy. These were thinned both by fast atom beam (FAB) |
milling (lONTECH 4060) and electrolytically. An argon-20% oxygen gas 
mixture was used for the milling process. Specimens were milled under I
rotation mode and cooled by liquid nitrogen throughout the milling process 
to minimise the effects of local rise in temperature of the specimen, Two 
guns were operated at an accelerating voltage of 4kV and 3mA current with 
40jiA gun current to achieve an electron transparent specimen. Low milling 
angles of 8 degrees were adopted until termination at 40nA termination 
current. A further milling of an hour and a half at 4 degrees was carried 
out to achieve a large area of electron transparent region.
Specimens for transmission electron microscopy were also 
prepared by chemical thinning using a window technique, as suggested in the 
literature E 403. Details of the method are given in Appendix A3. 100 ram^
specimens were lacquered along the edges and chemically thinned in hot 
(85%) orthophosphoric acid at 70-80“C. Clean plastic tweezers were used for 
handling the specimen. The thinned specimen was washed in absolute alcohol 
and cleaned in citric acid/alcohol solution. Final washing was done in 
absolute alcohol and the thinned specimen was placed on a clean filter 
paper to drain off the alcohol. A clean sharp incisor was used to cut out 
the electron thin edge of the thinned specimen and with the help of a
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tweezer the specimen was sandwiched in a copper grid to prevent the 
electron transparent specimen from dropping out off the grid.
The extraction replicas of the corrosion products were also 
analysed by scanning transmission electron microscopy (STEM). Specimen 
preparation involved extraction of the corrosion products from the surface 
of the corroded splats C723. The corroded splats were placed on a clean 
filter paper. A neatly cut cellulose tape was carefully placed on the top 
of the corrosion products. A few drops of ’ANALAR’ grade acetone were used 
to enable the cellulose tape to adhere on to the surface of the splat, 
After an hour the cellulose tape was stripped off from the surface with the 
corrosion products adhering physically to its surface. Immediately the 
corrosion products were carbon coated in a Nanotech carbon coating unit. 
This produced a "sandwich" with the extracts between the cellulose tape and 
the carbon coating. Copper grids were used to support this "sandwich". The 
assembly was placed on a wire mesh which was then positioned carefully 
inside a petri-dish containing ’ANALAR' grade acetone. The level of acetone 
was maintained below the wire mesh such that the "sandwich" was not wetted 
by the acetone solution. The dish was covered with a glass plate which 
contained the acetone vapour. This arrangement was kept over a period of a 
day to dissolve the cellulose tape, finally leaving the extract adhering to 
the carbon coating.
Specimen preparation for multielement EDX analysis of the 
surfaces of the splats by EPMA was carried out by mounting splats in 20mm 
diameter capsules. The capsules were filled with resin and cured at 60“C 
for 24 hours. After curing the resin, the capsule was stripped and the 
splat-resln composite was microtomed using a Reichert Ultramicrotome 0MU3
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with a glass blade. The 100 area was microtomed to give a reasonable
area of the interface between splat and resin. Corroded splats were also 
prepared similarly. The microtomed region was carbon coated in an Edwards 
coating unit.
Scanning electron microscopy of the corroded splats to study the 
morphology of the corrosion product was done by gold coating the surface 
using an Edwards Coating Unit,
3. 4. 3 X-RAY PHOTOELECTRON SPECTROSCOPY
A careful specimen handling protocol was observed on introducing 
splat specimens into the spectrometer. Gloves and tweezers were used while 
handling the specimen. The splats were held on the probe by double sided 
adhesive tape and a small amount of silver dag was used at the edge of the 
specimen to achieve an electrical contact with the probe.
3. 4. 4 ION BEAM ANALYSIS
Specimens were handled in a similar way as described in section
3. 4. 3 but the samples were held with clips on a steel substrate.
3.5 IMMERSION TESTS
Corrosion tests were carried out by following a specified MEL
immersion test in 3% NaCl solution saturated with magnesium hydroxide (pH
-10.5) C733. The solution was prepared in a clean room at 20*0. Analar 
grade sodium chloride was used to prepare the solution. The salt was 
accurately weighed on a Certling RC52 weighing machine in a clean room. 
MILLIPORE deionised distilled water was used to reduce the contamination of
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calcium and other Ions which may be detrimental in the corrosion tests. 
Magnesium hydroxide was used to saturate the solution of 3% NaCl to a pH of 
-10.5. The solution pH was measured using a Corning 120 pH meter before and 
after the experiment.
Corrosion tests were carried out in a plastic tank containing 
250 ml of the solution at 20“C in a clean room. Specimens were immersed 
vertically as well as horizontally to establish the effect of specimen 
orientation on corrosion behaviour (see figure 3.2). In the horizontal 
position, the tank bottom and grips holding the splat in position cause 
differential corrosion due to hydrogen evolution E473. Vertical immersion 
was used in all experiments to allow the hydrogen gas to bubble off the 
surface. The splat was held vertically by plastic tweezers sufficient to 
grip it and was lowered into the solution equidistant, from the bottom of 
the tank, surface and the tank walls. Fresh solution was used for every 
experiment. This protocol was used to provide self consistency in the 
experimentation of different alloys. The 20x5mm specimens were immersed in 
the solution vertically for 1, 2, 5, 10, 15, 30, 45, 60, 90, 120, 150, 240
minutes, 1 day, 2 days and for some alloys up to 6 days (depending upon the 
visual evidence of perforation) separately, and removed with care using 
plastic tweezers. The excess solution was drained onto a tissue paper and the 
Scvmple. finally air dried. The dried specimens were placed in a desiccator for 
further analysis. Only one specimen was tested at a time and always in a 
freshly prepared solution.
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Mg-Al SPLAT
HYDROGEN BUBBLES
(a) (b)
Figure 3. 2 Schematic diagram showing the orientation of splats for immersion test Ca) horizontal and <b> vertical.
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3.6 BULK ANALYSIS
3. 6. 1 ALLOY COMPOSITION
The Ingot and splats were analysed for composition by atomic
absorption spectrometry <AAS>. Samples of the alloys of 100mg weight were 
dissolved in 50% hydrochloric acid and 30% hydrogen peroxide and boiled 
until the volume of the solution was halved. The cooled solution was made 
with deionised water in 100ml conical flasks and analysed in a 
Instrumentation Company AA/AE Spectrometer 367 C743.
At least five splats were selected randomly and were analysed by 
atomic absorption spectrometry (AAS) for Cu, Fe, Mn, Ni, Pb and Zn.
3. 6. 2 X-RAY DIFFRACTOMETRY
The PHILIPS diffractometer was operated under a voltage of 46 kV 
and a current of 35 mA. The diffraction angle (28) was scanned from 5 to 
120 degrees for every specimen at a 2“/rain, scan rate. For determination of 
peak positions low scan rates were used. Accurate peak intensity 
calculations were not made due to the unevenness of the surface of as-splat 
and especially of the corroded alloy splats.
Commercial purity Mg ingot, MgO powder and Mg(OH):a powder were 
used as standard specimens to calibrate the peak positions.
The phases were characterised using the JCPDS files C753. A
computer program was also written to ease the cumbersome amount of
repetitive calculations and to compare the phases from standard files of 
the JCPDS as well the experimental standardisation. The comparison allowed
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for an experimental error of ±1% for the lower *d’ spacings and of ±0 . 0 1  Â 
for the large * d* spacing. The computer programs used for the 
interpretation of the XRD data are given in Appendixes A4 and A5.
XRD was used to Identify any changes in the crystal structure and 
to compare the intensity of the peaks of the phases present in the as-splat 
and corroded alloys. Comparisons were carried out under similar operational 
condition, using Cu Ka radiation.
3.6.3 ELECTRON MICROSCOPY
The specimens were examined in Philips EM400T and JEOL 200CX 
scanning transmission electron microscopes (STEM). Light element analys s 
was carried out on the Philips EM400T using windowless energy dispersive 
X-ray spectroscopy (EDX), wherein elements above Li in the periodic table 
were analysed quantitatively. A Cambridge Instruments Quantimet 920 was 
also used to estimate the morphology of the microstructure, namely size, 
shape and distribution of the grains, from the TEM micrographs.
Specimen preparation involving an extraction replica technique 
was adopted to extract the corrosion products from the surfaces of the 
corroded splats (see section 3.4.2). The extracts of the corrosion products 
were analysed using windowless EDX on a Philips EM400T electron microscope 
in conjunction with a AN1000 LINK computer system. The spot size used for 
the quantification analysis was 200 nm and a count rate of 1500cps was 
maintained with a dead time of 15%. Each spectrum was processed and 
quantified by the RTS 2/FLS programme in the LINK operating system.
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SADP were taken from the extracted corrosion products using the 
smallest aperture of 50 pm. The extracted corrosion products were tilted in 
such a manner so that it was possible to obtain the pattern from an 
individual flake (see below). The diffraction patterns were smeared by the 
diffuse rings pattern of the amorphous carbon support. It was difficult to 
obtain diffraction patterns of the planes with high d interplanar spacing 
due to the growth orientation of the flake.
EPMA analyses of the microtomed specimens were carried out on a 
JEOL 35CF in conjunction with a AN1000 LINK computer system to facilitate 
multielement X-ray maps. An 8|&V electron beam source was used with a 
processing time of 1 ps to achieve in windowless mode counts up to 6000cps 
for mapping purposes. 128x128 elemental maps were obtained with dwell times 
of 200 ms.
3. 7 SPECTROSCOPY AND ION BEAM ANALYSIS 
3.7. 1 INTRODUCTION
Near surface analysis in this study was carried out by X-ray 
photoelectron spectroscopy (XPS) and was complemented by the Rutherford 
backscattering spectrometry (RBS) technique for depth concentration profile 
analysis. The principles of these techniques and their analytical 
capabilities, in particular to this study, are highlighted in this section.
The strength of the RBS technique resides in the speed of the 
technique, its ability to perceive depth distributions of atomic species 
below the surface, and to quantify the results. Information is obtained 
from a depth of 100 0-2 0 0 0nm with a depth resolution of 2 0nm (see figure
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3.1). The area of analysis or beam size is in the range of 20-50p.m in 
diameter. The principle behind backscattering is the two-body elastic 
collision. In an elastic collision, such as backscattering, energy transfer 
from a projectile to a target atom can be calculated from collision 
kinematics. The mass of the target atom can be determined by measuring the 
energy transfer due to the collision or by measuring the scattered energy 
of the back scattered particle. The second basic concept is that the 
probability of elastic collision between the projectile and the target 
atoms Is highly predictable, and the scattering probability or scattering 
cross section enables quantitative analysis of the atomic composition. 
Lastly, slowing of the projectile in a medium through inelastic energy loss 
may be treated as a continuous process leading to the perception of depth. 
The combination and Interplay of these three concepts allows RBS analysis 
to perceive depth distribution of masses.
A beam of monoenergetic and collimated alpha particles (^He^ 
particle) impinges perpendicularly on a target. Charged particles are 
generated in an ion source and their energy is then raised to several 
megaelectron volts by an accelerator, usually a van de Graaff. The high 
energy beam then passes through a series of devices which collimate or 
focus the beam and filter It for a selected type of particle and energy. 
The beam then enters the scattering chamber and impinges on the sample to 
be analysed. Some of the backscattered particles impinge on the detector, 
where they generate an electric signal. This signal Is amplified and 
processed with fast analog and digital electronics. The final stage of the 
data usually has the form of a digitised spectrum.
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Quantification of the RBS spectrum can be performed accurately 
from first principles methods using experimental parameters and scattering 
cross sections. This can be demonstrated in figure 3.3 C1273. The
calculated RBS spectrum of figure 3.3a illustrates the variation In cross 
section with increasing mass of monolayer of material (carbon 10; sodium 
10; iodine 1> deposited on a substrate which does not contribute to the 
spectrum. The depth dependency of the RBS spectrum can be seen in figure 
3.3b where the specimen is a 1pm thick deposit of a material (carbon 8 : 
hydrogen 8 ; Iodine 0.8). In this case, the individual peaks have broadened 
considerably and the front and back of the sample can be Identified, thus 
providing a non-destructive depth profile of the sample on a micron scale. 
The relative concentration ratios of the elements transform into relative 
yields by a ratio given essentially by the cross section ratio of the 
elements or by the square of atomic number ratios ( (Zi/Za)^ ). Some 
corrections must be applied. These are usually small (<10%). Detection 
limits are typically in the 100 p. p. m. range but can vary widely depending 
upon the matrix material.
The backscattering spectrum is a linear superposition of profiles 
from each mass. The sample surface is the reference point for each mass. 
When a concentration profile varies with depth, the height of a signal will 
vary accordingly. A real spectrum never extends to zero energy, because the 
noise in the detection system dominates at these low energies and generates 
a huge background. Thick target yields are also never flat topped as shown 
in figure 3.3b, due to the energy dependence of the scattering cross 
section.
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Figure 3. 3 Simulated RBS spectra illustrating, (a) the cross section dependence on atomic number (varies with Z^ >, and (b) depth capabilities through a 1 pm film.
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Limitation of the RBS technique is that chemical information is 
totally absent. Another weakness is the lack of specificity in the signal. 
Two elements of similar mass cannot be distinguished when they appear 
together in a sample (like in our case Mg and Al). 0nsmust also realise the 
stringent requirements on the lateral uniformity that a sample must meet 
before the full capability of RBS can be utilised. Scratches, cavities, 
dust particles, and other surface nonuniformities can drastically modify 
the spectrum, if present in sufficient amounts, even if they are of a 
submicron size (this was used to determine the Cu particles on the surface 
of the splats,‘ see below). Usually the combination of atomic composition 
ratios furnished by RBS and the knowledge of diffraction patterns give
convincing evidence of the actual nature of the compound present.
Unlike RBS, XPS gives the chemical nature of the elements and is
surface specific of the atomic species. The photoionisation phenomenon is
the basis for XPS and the Auger process is also observed during 
photoionisation. XPS has a poor lateral resolution and the analysis
information is from 10-50 A over a region of 10mm^ area (see figure 3.1).
The initial event is ejection of the core electronic levels by an 
incident X-ray photon (figure 3.4a). The kinetic energy KE of the 
photoemitted core electron is:
KE = hv ~ BE + 0
where hv is the energy of the exciting radiation, BE is the binding energy 
of the emitted electron in the solid, and <S> is the spectrometer work 
f unction.
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Figure 3. 4 Schematic of XPS and Auger process Ca) XPS process, showing 
photoionisation of an atom by ejection of a Is electron.
(b) relaxation of the ionized atom of Ca) by emission of a 
KLz,3L2 . 3 Auger electron.
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After a core hole Is produced, it is filled by an outer electron. 
When this electronic transition occurs, energy is conserved by the emission 
of the photon or by emission of secondary electron through radiationless 
transition (Auger process; see figure 3.4b). If the atom returns to the 
ground state by emission of a characteristic X-ray, the energy of the 
emitted photon Is the difference in the energy of the two levels Involved 
in the transition with the addition of the work function, or if the 
transition is between the K and L energy levels then;
Ex = Ek - E^a.3 + 0  
This transition in which a photon is emitted enables EDX and EPMA.
In the radiationless transition, the secondary electron emitted 
is the Auger electron. One of the outer electrons fills the core hole as 
another is ejected from the atom with a discrete amount of energy equal to 
the difference between the initial and final states. The energy E^ of the 
Auger electron is;
Eft — E,q — Et_2i. 3  “  E^æ, 3
The transitions in which the Auger emission and photo emission 
occur are mutually exclusive processes; the total probability for their 
occurrence must add to one. The Auger emission is the more probable 
transition for low atomic number elements.
Spectroscopic notation is customary in XPS (i.e., Mg Is, A1 2p,.^>, 
but an Auger transition is usually described using X-ray notation (i.e., 
KLiLa, 3 ), A XYZ transition is an Auger transition in which a core hole in 
the level X is filled by an electron in level Y and an electron is ejected 
from level Z. This is primarily the J~J coupling notation (see also 
Appendix 6 for notations used in quantum states). The L-S coupling notation
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is used to Identify Auger peaks in the XPS spectrum and J~J coupling 
notations are used in some cases to provide an easy understanding of the 
transition. It is appropriate to use the L-S coupling notations for 
magnesium (see Appendix A6 >.
An X-ray photoelectron spectrometer consists of an X-ray source, 
an energy analyser, an electron detector, and instrumentation for data 
acquisition. In most commercial spectrometers, magnesium and aluminium 
anodes are used in the X-ray source. The characteristic Ka aluminium or 
magnesium X-ray lines are used with aluminium foil window to filter some of 
the bremsstrahlung radiation. Most Instruments use the cylindrical mirror 
analyser (CMA) or concentric hemispherical analyser (CHA). The detector is 
an electron multiplier or a channel plate multiplier. In most cases, the 
data acquisition system Includes a multichannel analyser or a computer that 
permits repetitive scans to be made. A pressure of approximately 10--^ torr 
is necessary for a surface under analysis in a spectrometer to minimise 
electron scattering through collision with gas molecules.
A wide scan XPS spectrum consists of series of peaks on a 
background which generally increases to low kinetic energy (or high binding 
energy). The peaks observed can be grouped into three basic types; peaks 
due to photo-emission from core levels and valency levels and peaks due to 
X-ray excited Auger emission (Auger series). The basic parameter which 
governs the relative intensities of core-level peaks is the atomic photo 
emission cross section, a.
Core level chemical shifts, valency band structure. Auger 
chemical shifts and Auger line shapes are the primary structure information
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observed in a XPS spectra. The secondary structures observed are X-ray 
satellites and ghosts, multiplet splitting, shake-up satellites and 
asymmetric metal core levels and shake-off satellites.
One of the most important capabilities of XPS is its ability to 
measure shifts in the binding energy of core level electrons resulting from 
a change in chemical environment (core level chemical shifts). The simple 
model of chemical shifts is that alterations in the valency (outer) shell 
electrons change the nuclear attractive force on the core electrons. This 
effect arises because the valency-shell electrons exert a repulsive force 
on the core electrons that screens these electrons from the nuclear charge, 
reducing the nuclear attractive force, The addition of the valency electron 
to change the oxidation state increases the screening effect, which reduces 
the binding energy, If the valency electron is removed, the effective 
positive charge of the nucleus is increased, and the binding energy 
increases. Screening effects can vary for the same ion in different 
compounds. Covalent bonds can exert similar effects, in which case the 
electronegativity of the neighbouring atoms is important. Identification of 
the chemical state of an element by its chemical shift is some times not 
possible. Many of the commercial instruments have software packages that 
can deconvolute a line. However, these involve approximations and must be 
used with extreme care. In most cases, a unique deconvolution of a line 
cannot be obtained; the more component lines used to fit a spectrum, the 
more ambiguous the solution,
Auger lines, which are produced by transition of core electrons 
(electrons below the valency level), frequently undergo chemical shifts 
larger than the core level photoelectron lines. These shifts are caused by
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relaxation of the electron cloud resulting from an increase in the 
effective nuclear charge. Because the final state following an Auger 
transition is a two hole configuration versus one hole configuration for 
photoelectron emission, relaxation energy is larger for Auger transition, 
causing a large energy shift. The Auger parameter is the difference in 
kinetic energy between the Auger electron and photoemitted electrons. This 
quantity is unique to each compound. It is defined as the difference 
between two line energies in the same element in the same sample, obviating 
the need for corrections for charging of the sample and for work function 
corrections.
Depth composition profile can be obtained by two methods. Depth 
analysis by tilting the sample is non-destructive and is applicable for 
samples in the form of thin films. The second method to obtain depth 
composition profile is to bombard the sample with a beam of inert gas ions, 
usually argon or xenon. Sputtering rates can be varied. However, ion 
bombardment can introduce uncertainties into the results. These may be due 
to differential sputtering, * knock-on' effect, valency change in surface 
species, and reduction of metal ion to metal.
3. 7. 2 ION BEAM ANALYSIS
RES and ERDA analyses were carried out in the Ion Beam 
Acceleration Laboratory, in the Department of Electrical and Electronics 
Engineering of the University of Surrey. RES was carried out with a 
focussed beam of 1.5MeV ^He+ ions scattered through 165°. The 
experimental arrangement has been described previously C7 7] : briefly an
objective aperture of 200pm or 50pm was used to define the beam, and a
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Russian quadruplet of quadrupole magnets formed an image of the aperture 
with demagnification on the sample surface. The beams could be scanned 
over about 1mm on the sample without excessive spherical aberration by 
pairs of opposed electrostatic scanning plates which rock the beam about 
the optical centre of the quadruplet. Standard spectrometry electronics and 
data analysis were used [78] as well as standard energy loss data C793 to 
obtain depth scales from the energy analysis spectra,
ERDA analysis was carried out using a *He+ beam of 2 MeV energy 
at a 15* glancing incidence to the specimen. Nuclei from the sample, 
including hydrogen <’H) and deuterium recoil from the surface and
near surface of the sample as a result of elastic collisions with the 
incoming ions, A large number of these ions are scattered in the
forward direction, but are stopped, along with any heavier nuclei, from 
entering the energy-sensitive detector by a thick («10pm) Mylar stopper 
foil which is located at 30* relative to the beam direction. The hydrogen 
and deuterium nuclei pass through the foil with little energy loss and 
their energies are recorded by the detector and displayed on a multichannel 
analyser,
3. 7. 3 X-RAY PHOTOELECTRON SPECTROSCOPY
Surface analysis by XPS was carried out in a VG Scientific ESCA 
MK III spectrometer equipped with an Al/Mg anode using a 12RV accelerating 
voltage and 20A current with AlKa line radiation <1486.6 eV). The 
spectrometer base pressure was in the 10-* Torr range. The ESCA MK III was 
interfaced to a VG 3040 data system which allowed data to be stored and the 
quantification of the photoelectron peaks. Spectra were obtained at a
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constant analyser energy of 50eV and a take off angle of 45 degrees 
relative to the stub. The chemical quantification of the surface was 
achieved by removing a suitable background from the individual 
photoelectron peaks and calculating the intensity (area) of these peaks at 
a 0.1 eV step over the 100eV range. The chemical composition was calculated 
from the empirical sensitivity factors. The peak positions were compared 
with the literature and the spectra of standards run on the same equipment 
namely pure Mg and single crystal MgO.
Argon ion sputtering was used for depth profiling with an 
accelerating voltage of 3kV, focussing voltage of 2,KV (focussing energy) 
and 4-GpA current. Survey spectra or wide scans were recorded for alternate 
etching periods in the binding energy range of 0-1000eV, High resolution 
spectra for the elements were recorded with the same pass energy over the 
100eV range. Quantification of the elements present was achieved from the 
high resolution spectra.
Survey spectra of 0-1000 eV and 0-200 eV were recorded at 1.0 eV 
step at a dwell time of 5 seconds and collected for 3 and 5 scans 
respectively. The narrow scans were recorded at 0. 1 eV step at a dwell time 
of 10 seconds and collected for 10 scans. X-ray excited Auger electron 
spectra were collected from 1100 to 1200 eV on a kinetic energy scale using 
the same acquisition parameters.
Oxygen (0 Is), magnesium [Mg Is, Mg 2s, 2p3, aluminium (A1 2p>
and carbon (C Is) high resolution spectra were collected for the as
received splats. For the corroded splats additional high resolution spectra
were collected for chlorine (Cl 2p) and sodium (Na Is).
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3. 7. 3. 1 CALIBRATION
Determination of the electron binding energy with a comparable 
accuracy is not straightforward. Several calibration procedures have been 
suggested to enable direct comparison of data obtained from different 
instruments C763. Non » conducting samples develop a net charge during 
measurement and a knowledge of such charging effects is of importance in 
obtaining accurate binding energies.
Calibration of spectra from nonconducting samples has proved to 
be rather difficult, since the samples develop a net charge resulting in a 
chemical shift of the position of all the lines. The magnitude of the 
charging effect was estimated by comparing the position of the C Is line 
from the surface contamination on the Insulating sample with the position 
of the same contamination line from the metal, for which charging was 
assumed to be negligible [763.
In calibrating the energy scale of the XPS spectra it is ideal to 
have in the system, while measurements are being made, a small amount of 
contaminant which does not react with the element under analysis and has a 
known characteristic spectra. Then the procedure would be to adjust the 
contaminant peak to its known positions of the material under analysis. The 
carbon, C Is, line was used for this purpose due to the fact that carbon is 
a contaminant that is always present in most vacuum systems.
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3.7.3.2 STANDARDISATION
Rolled magnesium rod of 99. 99% purity was rolled and annealed 
into a flat specimen of 10mmx30mmx4mm. The specimen was cleaned by organic 
solvents before transferring into the spectrometer's preparation chamber. 
Spectra for metal and metal oxide were obtained by sputtering the surface 
of the specimen. Sputtering was carried out in the spectrometer with an 
argon pressure of approximately 5x1#-^ Torr and an accelerating voltage of 
3HV. The beam current varied between 10mA to 20mA.
A similar experimental technique was used for MgO single crystal 
analysis, A short sputtering time was used to remove surface carbon 
contamination.
3. 7. 4 SCANNING ELECTRON MICROSCOPY / ELECTRON PROBE MICROANALYSIS
EPMA was carried out on a JEOL 35F instrument. Light element 
analysis was feasible on this instrument by windowless EDX. Semi- 
quantitative analysis was carried out on EPMA on the surface of the as- 
splat and corroded specimens as they were not microscopically flat. An 
analysis depth of -Ijim was achieved by this technique when operated at 8 kV 
accelerating voltage.
Scanning electron microscopy (SEM) was used to study the surface 
morphology of the as received and corroded splats. The gold coated 
specimens were observed in a Cambridge Stereoscan 250 SEM with 5-10kV 
accelerating voltage.
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CHAPTER IV 
RESULTS
4. 1 AS RECEIVED SPLATS 
4.1.1 BULK CHARACTERISATION
Composition analyses of the splats and the respective ingots are 
given in Table 4. 1. All the impurities are within the limits noted in the 
literature.
4. 1. 1. 1 THE Mg-3. 5A1 ALLOY
Two batches of Mg-3. 5A1 alloy splats were produced using material 
from the ingot supplied by MEL. With one exception for batch I splats (see 
below), the same conditions were maintained for production of both batches. 
The copper pistons were polished with wet emery paper and finished with 
grade No. 800 paper for the batch I splats while for the batch II splats 
the finer üpm diamond finish was used. In the latter case the pistons were 
also repolished after a set of 10 splats was produced. The results of the 
analysis are given in Table 4. 1.
The grain size of the Mg-3. 5A1 alloy splats varied from 2 to 5 pm 
as shown in figure 4. 1. Some of the grains had high aspect ratios (figure 
4.2). A high dislocation density was also observed within the grains 
(figure 4.3), Figure 4.4 is a secondary electron image (SEI) on STEM mode 
showing the rugged surface formed during the milling process. This surface 
shows up as an artifact on TEM micrographs and is attributed to FAB milling 
only with argon gas. This is evident in figures 4. 2 and 4. 4 where 
preferential etching of oxygen from the surface by neutral Ar caused such
— 64 —
TABLE 4. 1
IMPURITIES IN RS M^Al ALLOY SPLATS AND INGOTS ANALYSED BY 
ATOMIC ABSORPTION SPECTROSCOPY (IN PPM)
ALLOY Cu Zn Pb Fe Mn N1
%
Splat <0.008 <0,001 <0.01 0.008 <0.01 <0.002
3. 5A1
Ingot 0.01 0.009-0.01 0,02 0.006-0.012 0.006-0,01 0.002
Splat
Batch I 0.011 0.009 0.007-0.016 0.006 0.009 0.002
Batch II 0.004-0.006 0.01-0.02 0.02-0.08 0.008 0.008-0.01 <0.003
Mg-16A1
Ingot 0.002-0.006 0.008-0.01 <0.02 0.006-0.01 0.004 <0.001
Splat 0.002-0.004 0.01 <0.01 0.005-0,007 0.004 <0.001
Notes Analysis for Mg-10A1 alloy splats was provided by MEL and the impurities 
levels for all the elements mentioned above were below 0.005,
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Figure 4. 1 TEM micrographs of Mg-3jAl alloy splat showing fine equlaxed grains (FAB thinned with Ar on a cold stage).
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Figure 4. 2 TEM micrographs of P%-3.5A1 alloy splat showing high aspect ratio grain (FAB thinned with Ar on a cold stage).(a) Bright field (b) Dark field (c) SADP (camera length- 75cm, accelerating voltage- 200KV).
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200 rim
200 nm
Figure 4.3 TEM micrographs of f%-3. 5A1 alloy splat showing highdislocation density within a grain (FAB thinned with Ar on a cold stage).(a) Bright field (b) Weak beam image (c) SADP (camera length- 75cm, accelerating voltage- 200KV).
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Figure 4. 4 SEI micrograph of a FAB thinned Mg-3. 5A1 alloy splat using Ar as a milling gas (with cold stage)
— 69 —
an artifact C 1333. The use of the mixture of Argon + 20% Oxygen gases 
eliminated these artifacts as shown in figure 4.5. Use of oxygen in the 
milling process allows certain amount of reoxidation of the surface 
deficient of oxygen and balance of the surface charge, thus allowing for a 
relatively uniform sputter rate. Contamination with Ta, Cu and Ar on the 
FAB milled specimens was detected by windowless EDX analysis on STEM 
(figure 4.6). This contamination arises during milling at low angles from 
the sputter deposition of tantalum from the tantalum disc holder while 
copper was found to be from the specimen rotating gears made of a copper 
alloy. The detected argon Is from the milling gas. Since the FAB milled 
specimens were used only for microscopy studies this contamination did not 
affect the studies carried out on the corroded specimens.
Porosity of 10 to 100 pm across the diameter in the centre and 
near surface of the splat was also present (figure 4.7a).
4. 1.1.2 THE Mg-16A1 ALLOY
Chemical analyses of the ingot and splats are given in Table 4.1
The grain size of the alloy varied from 1 to 10pm (figure 4.8 
a, b). The artifacts seen on the FAB milled (figure 4.8c) and chemically 
thinned (figure 4.8d) specimen were Identified by SEI on STEM mode as a 
surface morphology produced by preferential etching. They appear as the 
gamma (Y-Mgi^Alia) phase on the TEM micrographs (dark regions). EDX 
analyses from these dark regions did not give the composition of the y~ 
phase. The latter was also not detected by XRD analysis of the splats (see 
below). A high dislocation density was again observed within, the grains.
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Figure 4.5 TEM micrographs showing the fine equlaxed microstructure of Mg-3. 5A1 alloy splat (FAB thinned with Ar + oxygen on a cold stage).
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Figure 4, 6 EDX analysis of the particle "A" in the TEM micrograph in f igure 4. 5a
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Figure 4. 7 SEM micrographs of a cross section of Mg-Al alloy splats showing porosity (a) Mg—3.5A1 alloy (b) 16A1 alloy.
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Figure 4.8 TCM micrographs of P%-16A1 splat showing equlaxed grains(a) FAB thinned with Ar + oxygen gas mixture on a cold stage(b) chemically thinned using orthophosphoric acid.Continued -»
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Figure 4. 8 ContinuedArtifacts due to specimen preparation(c) FAB thinned (d) Chemically thinned
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The high dislocation density was attributed to the splatting process.
Porosity of 10 to 100 pm across the diameter was present in the 
centre of the splat (figure 4.7b),
4. 1. 2 CHARACHSRISATION OF SURFACE TO BULK
Analysis of the near surface to bulk was carried out by using 
XPS, SEM, and RBS techniques. Analyses, reported here are from 5 nm to 
2000nra into the sample (see figure 3. 1 for resolutions of the techniques).
4. 1.2.1 The Mg-3. 5A1 ALLOY
The surfaces of the splats were examined, by scanning electron 
microscopy (SEM). Figure 4.9 (a,b,c) shows the morphology of a typical
splat surface. In figure 4.9a the prior high temperature oxide formed 
during levitation melting can be seen. Cracks and rifts were also present 
in the other regions away from these oxides (figure 4.9b). The surface 
features shown in figure 4.9c correspond to the polishing lines on the 
surface of the pistons. These features were more pronounced on batch I 
splats.
Copper particles were identified by EPMA analysis on the surfaces 
of batch I splats (figure 4.10 <a,c)> and their size varied typically from 
1 to 10 pm in diameter. Although finer particles with diameter less than 
1pm could also be detected at magnifications above X 5000, the particles 
were distributed randomly over the surface. Large particles (figure 4. 10 
(a, c)> were identified by Cu Ka dot maps as shown in figure 4. 10b. 
Particles of smaller size compared to those in figure 4.10a were also 
present and Cu Ka line traces across such particles were used for their
-76-
Figure 4.. 9 SEM alcrographe showing typical surface morphology of N^ g-3. 5A1 alloy splats.(a) High temperature oxide formed during levitation melting, retained on the surface of the splat, covering a surface crack. Cb> Surface defects like cracks and rifts formed during solidification of the splat (1) Mg~3. 5A1 alloy Continued -»
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Figure 4.9 Continued(b) Mg-16A1 alloy,(c) Polishing lines on the surface of the Batch I splats from the copper pistons.
-78-
Figure 4. 10 SEM micrographs showing copper particles on the surface of Mg-3. 5A1 alloy splat (Batch I)(a) Copper particle (Indistinguishable)(b> Cu Ka dot map of (a) Continued
— 79 —
Figure 4.10 Continued(c) Copper particle slightly embedded in the splat(d) Cu Ka dot map of (c) Continued -+
- 80 -
Figure 4.10 Continued(e) Line trace <Cu Kot> of copper particles.
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Identification as shown in figure 4.10e.
Figure 4. 11 (a,b) is a typical RBS spectrum from a Mg-3. 5A1 alloy 
splat (Batch I) with copper particles using a 50 pm beam. The spectrum 
shows that copper is present at the surface oxide of the splat because the 
Cu leading edge appears at a slightly lower value of the channel number 
than expected. The RBS spectrum in figure 4,11a shows a sloped magnesium 
edge with a high oxygen yield. This indicates a surface with strongly 
varying oxygen content with depth. The oxygen distribution with depth can 
be regarded, in average, as equivalent to an oxide particle (MgO) on the 
surface with maximum particle size around 150nm (consistent with the 
results from XPS depth profiling and ERDA analysis: see below). The surface 
concentration of copper in the spectrum is approximately 0.3 at.% (±10%) 
which corresponds to a 2 pm copper particle at the surface. Figure 4. 11c 
(spectra 1 and 2) shows superimposed RBS spectra for the as-splat Mg-3.5A1 
alloy (batch II - copper free). The oxygen yield is different in different 
regions indicating the varying amounts of surface oxide/hydroxide on the 
as-splat alloy. The large oxygen signal indicates the presence of an oxide: 
the estimated stoichiometry at the surface is approximately Mg^Og; this 
corresponds to oxide particles covering part of the surface. In other 
words, the surface is a mixture of oxide and hydroxide and gradually grades 
into the base metal.
The wide scan XPS spectrum of the Mg-3. 5A1 alloy splat is shown 
in figure 4. 12, The carbon is from the hydrocarbons of the vacuum system 
(see Section 3.7.1.1). An accurate evaluation of the oxide thickness by 
deconvoluting the peaks of Mg in its ground and oxidation state (Mg®**'), as 
can be done for Al, was not possible due to the inherent nature of the Mg 
Is and Mg 2p peaks [80,813. Section 4.2 below discusses the feasibility of
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Figure 4. 11 Typical RBS spectra, using a 1.5 MeV beam with a
165* scattering angle, of (a) l%-3.5 Al alloy splat 
(Batch I) showing the presence of copper particles on the 
surface of the splat, (b) Detailed region near the copper edge. 
Note the Pb contamination is from the alloy (see table 4. 1)
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Figure 4. 12 A typical XPS wide scan spectrum of Mg-3. 5Al alloy splat using 
Al Ka radiation..
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evaluation of the thickness of oxide and hydroxide using X-ray induced 
Auger electron spectroscopy (X-AES).
Figure 4.13a shows an oxygen (0 Is) XPS high resolution spectrum 
of the Mg-3.5A1 alloy splat. The 0 Is photoelectron peak is deconvoluted to 
its Q2-, (0H>3- and H^O components. The peak positions of these components
are well documented in the literature C823. This confirmed the presence of 
MgO and MgCOH)^ on the surfaces of the splats and suggested also the 
presence of H%0 (figure 4. 13). Depth profiling was carried out by 
sputtering with 6KV argon ions for 13 minutes. The equivalent etch rate on 
the 30nm Ta^Os/Ta standard supplied by NPL is approximately 1.2 nm min. 
[83]. Depth analysis showed Mg(OH)z to be predominant on the surface and 
to decrease with depth while MgO showed the opposite behaviour (figure
4. 13).
XPS analysis was supplemented with ERDA (see section 3.7.2). The
ERDA spectrum, shown in figure 4.14, shows a hydrogen signal depleting with
depth from the surface. Quantitative ERDA analysis was not conducted 
because of the rough surface morphology of the specimen. However it was
estimated, in terms of Mg(0H)2, that the layer was 100 to 2 0 0nm thick.
XRD of the ingot and splats showed magnesium, magnesium oxide
(MgO - periclase) and magnesium hydroxide (Mg(OH)% - brucite) to be 
present. Table 4.2 gives the expected and observed peaks for each phase.
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Figure 4. 13 Oxygen, O Is, XPS spectra of Mg-3. 5A1 alloy splat excited by
Al Ka radiation. Sputtered with argon ions for depth profiling 
at (a) 0 minute (b) 13 minutes
Note; The energy scales have not been corrected for sample 
charging
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Figure 4. 14 ERDA spectrum of Mg-3. 5A1 alloy splat showing hydrogen
depleting with depth
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TABLE 4.2
PHASES IDENTIFIED BY X-RAY DIFFRACTION ANALYSIS OF 
THE Mg-3.5A1 ALLOY SPLATS AND INGOT
CA3 Splat
C B] Ingot
rel. % Mg(OH)= MgOint.
2. 763 m 2. 778
2. 599 vs 2. 605
2. 448 s 2. 452 2. 431
1. 899 m 1. 9002
1. 600 w 1.6047
1. 469 IQ 1. 473 1. 486
1. 387 vw 1.3899 1. 373
1. 361 w 1.3664 1. 363
1. 331 vw 1. 343
1. 297 m 1. 3028 1.31
1. 221 vw 1.2264
1. 175 vw 1.1797
1. 082 vw 1. 0854
1. 027 vw 1.0299 1. 03
1. 009 vw 1. 0116 1.0067
0. 972 w 0. 9742 0.9665
0. 923 vw 0.9266
0. 896 vw 0. 8988 0.8974
0. 867 vw 0.8729 0. 8643 0 . 86
0. 831 vw 0. 8338
0. 827 vw 0.8289 0. 8156 0.81
2. 755 m 2. 778 2. 725
2. 585 vs 2. 605
2. 43 vs 2. 452 2. 43
1. 888 m 1. 9002
1. 595 w 1. 6047 1. 573
1. 382 m 1. 3899 1. 373
1. 36 vw 1.3664 1.363
1. 336 w 1. 343
1. 298 m 1. 3028 1. 31
1. 221 vw 1.2264 1. 216
1. 175 vw 1. 1797 1. 183
1. 081 vw 1. 0854 1.092
1, 046 vw 1. 0506 1.0533
1, 025 w 1. 0299 1. 03
1. 008 w 1. 0116 1. 0067
0.9724 w 0. 976 0.9665
0. 922 vw 0.9266
0. 895 vw 0. 8988 0.9001
relative intensities;
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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4. 1.2.2 THE %-10Al ALLOY
XRD, XPS and multielement digital mapping (see section 3.G.3) of 
the Mg-10A1 alloy splats were carried out.
Figure 4. 15 is a wide scan survey spectrum from the XPS analysis. 
The aluminium, Al 2p, peak can be just identified indicating the presence 
of Al on the surface of the Mg-10A1 alloy splats (figure 4.15b). Besides 
0=-“ and OH", COs,^ " was also present (see insert in figure 4.15). The
presence of carbonate could be due to the handling of the specimen in the
atmosphere for too long and/or during alloy processing and transportation 
from Sheffield, Thermodynamically, formation of hydromagnesite and/or 
magnesite (MgCOg) is feasible in an atmosphere containing carbon dioxide
(MgO +C0= 4 MgCOg :AG= -17.56 kcal (- 73.5 kJ>),
The XRD results were similar to those for the Mg-3. 5A1 alloy
(see table 4.3) except for the spinel which was also detected. Multielement 
maps of the cross sectioned splats showed a thin dispersed compound
consisting of Mg-Al-0 (red) admist Mg-0 (yellow) (figure 4. 16a). XPS
analysis confirmed the presence of the spinel (figure 4. 15b).
From the X-AES spectra in figure 4.17a, which show a metal Auger 
line (KLa,sLa,3 ) (see section 4.2 below, regarding the X-AES spectra), the 
oxide/hydroxide thickness on the surface is envisaged to be very thin ( =10  
to 50nm),
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Figure 4. 15 Wide scan XPS spectra of Mg-10A1 alloy splat excited by 
Al Ka radiation.
(a) from 0-1000 eV, The Insert shows the high resolution scan 
of carbon, C Is, from organic (hydrocarbon) and Inorganic 
(carbonate) compounds.
(b) from 0 to 200 eV, shows presence of aluminium, Al 2p, 
on the surface.
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TABLE 4. 3
PHASES IDENTIFIED BY X-RAY DIFFRACTION ANALYSIS OF
THE Hg-10A1 ALLOY SPLATS
rel. Mg Spinel* %(0H>2 MgO Hydromag.
int.
2. 771 w 2. 778 2. 779
2, 755 w 2. 74 2. 725
2.599 vs 2. 605
2. 521 w 2. 529
2. 508 w 2. 504
2. 442 s 2. 452 2. 428 2. 431 2. 442
2. 281 vw 2. 298
2. 181 vw 2. 189
2. 166 vw 2. 103 2. 161
2. 085 vw 2. 058 2. 106 2. 093
1. 895 vw 1. 9002
1. 597 w 1.6047
1. 503 w 1. 51 1.494 1. 486
1. 463 w 1. 481
1, 447 vw 1. 473
1. 354 w 1.3664 1. 344 1. 363
1. 330 w 1. 343 1. 339
1. 291 ra 1.3028 1. 296 1.31 1.27
1. 245 w 1. 234 1. 234
1. 214 w 1.2264 1. 216 1, 216
1. 170 w 1. 179 1. 169
* spinel - MgAlaO* 
hydromag. - hydromagnesite
The error in determining the calculated interplanar spacing is ±0.01 or 
1- 2%
relative intensities;
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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Figure 4.16 EFMA multi-element digital maps of as-splat 
(a) Mg-10A1 alloy (b) M^-16A1 alloy 
Colour Codes: -
Blue- Mg: Al; Red- Mg: Al: 0; Yellow- Mg: O; Green- Al: O.
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Figure 4. 17 X-ray excited Auger electron spectra of as-splat 
(a) Mg-10A1 alloy (b) W(g-16A1 alloy
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4. 1. 2, 3 THE Mg-16Al ALLOY
Figure 4.18a shows the wide scan survey spectrum of the Mg-16A1
alloy. Aluminium is observed to be on the surface. XPS analysis confirmed
the presence of 0^“, 0H~, and Al®”* ions on the surface of the splats
and suggested also the presence of H^ O. The peak positions of the 0®“, 0H“, 
Al®"*" and COy®- were at the expected positions [80,81,843. Depth profiling 
for 10 minutes showed Al metal (figure 4. 19) indicating a thin oxide layer 
on the surface. The peak adjacent to Al 2p peak in the high resolution 
spectrum is a secondary structure of Mg 2s arising from the Al Kas. ^  
radiation. This is due to the standard X-ray source (Al Ktx in our case) 
which is not monochromatic. The thickness of the surface oxide considering 
the appearance of aluminium metal can be estimated to be around 10 nm or 
thinner (from the sputter rate based on Ta/Ta^Os which was 1 . 2 nm/ min. ),
In the RBS spectra of the Mg-16A1 alloy splats, figure 4.20 
(spectrum 1), a very small oxygen edge was present. The estimated oxide 
thickness, using MgO for the calculations, is around 20nm to 50 nm (±20%), 
very less compared to the f%-3.5A1 alloy splats. This is complemented by 
the X-AES spectrum (figure 4.17b, see also section 4.2) which shows the 
Auger line (KLtL^,3 ) from the metal component.
XRD showed Mg, % 0  (periclase), Mg(OH)a (brucite) and MgAl^O^ 
(spinel) to be present (table 4.4). The gamma phase was not observed in the 
splat confirming the results of the TEM analysis given in section 4. 1.1.3.
Multi-element maps (see section 3, 6.3) of the as-splat alloy
showed a Mg-Al-0 compound on the surface of the splat. Figure 4.16b is a
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Figure 4.18 Wide scan XPS spectra of Mg-16A1 alloy splat excited by Al Ka 
radiation. Ca> 0-1000eV, insert is a high resolution scan of 
carbon, C Is, from organic (hydrocarbon) and inorganic 
(carbonate) compounds.
(b) 0-200 eV, shows aluminium, Al 2p, on the surface.
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Figure 4. 19 High resolution XPS spectra of the Mg-16A1 alloy splats.
(a) Montage of high resolution spectra of aluminium, Al 2p, 
showing depletion of Al®"*" with sputtering time.
Cb) High resolution spectrum of oxygen, 0 Is, showing the 
oxide, hydroxide and water components.
Note: The energy scales have not been corrected for sample 
charging
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Figure 4. 20 Typical RBS spectra of Mg~16Al alloy splats using 1. 5MeV
beam with a 165" scattering angle: spectrum (1) as-received 
Splats corroded in 3% NaCl solution saturated with MgCOH)^ at 
20"C for: spectrum <2> 150 minutes and spectrum (3) 2 days.
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TABLE 4.4
PHASES IDENTIFIED BY X-RAY DIFFRACTION IN THE INGOT AND SPLATS
OF THE %-l6Al ALLOY
[A] Ingot
d«»xp rel. Mg Spinel* MgO Mg(0H>2 Gamma'*' hydromag. **int.
2. 755 m 2. 778 2, 779
2, 714 vw 2. 74 2. 725
2. 66 vw 2. 631 2. 654
2. 592 vs 2. 605 2. 556 -
2. 5 s 2. 48 2. 478
2. 45 vs 2. 452 2. 426 2, 431 2. 442
2. 26 w 2. 24 2, 233
2, 171 vw 2. 15 2. 174
2. 085 vw 2. 103 2. 106 2. 093
2. 076 vw 2. 058 2. 06
1. 895 w 1. 9002
1. 595 w 1. 573 1. 6
1, 533 w 1. 52
1. 501 vw 1. 51 1. 494 1. 49
1. 465 m 1. 473 1. 471
1. 443 vw 1. 43
1. 416 vw 1, 409
1. 393 vw 1. 389 1. 404 1. 39
1. 389 vw 1. 402
1. 379 vw 1. 378 1. 373
1. 354 ra 1.3664 1. 372 1. 363 1. 34
1. 331 vw 1. 343 1. 339
1, 293 w 1. 3028 1, 31
1. 293 vw 1. 296
1. 251 vw 1. 262 - 1. 25
1. 23 vw 1. 234
1. 218 vw 1. 2264 1. 216 1. 216 1. 2
1. 169 vw 1.1797 1. 169 1. 183 1. 17
1, 118 vw 1. Ill 1. 118 1. 12
1, 075 vw 1, 0854
1. 025 vw 1.0299
1. 022 w 1. 03
1. 003 w 1. 0116 1.0067
0. 968 w 0.9742 0.9665
0, 891 vw 0.8938 0.8923
0. 868 vw 0.8729
0, 867 vw 0, 8643
0. 862 vw 0. 86
* spinel = MgAlaO^
+ gamma = MgiyAli^. I
# hydromag. = hydromagnesite - SMgCOs. MgCOH)^ ». 3H#0 
relative intensities:
vs - very strong; s - strong; m - medium; w - weak; vw
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very weak
CONTINUED 4
TABLE 4.4
Continued
tb] Splat
rel.
int.
Mg Spinel* MgO Gamma* hydromag. "*
2. 739 m 2. 74 2. 725
2. 683 w 2. 692
2. 644 vw 2. 631 2. 64 2. 637
2. 614 vw 2. 605
2. 578 vs 2. 556 -
2. 495 m 2. 48 2. 504
2. 411 vs 2. 42 2. 431 2. 417
2. 254 w 2. 24 2. 233
2. 166 w 2, 161
2. 156 vw 2. 15 2. 154
2. 087 w 2. 103 2. 106 2. 09
2. 071 vw 2. 058 2. 06
1. 877 m 1.9002
1. 588 m 1. 573 1. 6
1. 53 vw 1. 51 1. 52
1. 5 vw 1. 481 1. 486 1. 494 1. 49
1. 46 m 1. 473 1. 47
1. 393 vw 1. 3899 1. 39
1. 37 vw 1.378 1. 373
1. 35 m 1. 343 1. 344 1. 363 1. 34
1. 324 m 1. 339 1. 31
1. 29 m 1. 296 1. 27
1. 25 vw 1. 262 1. 25
1. 212 vw 1. 2264 1. 216 1. 216
1. 17 vw 1. 1797 1. 169 1. 183 1. 17
1. 158 vw 1. 165
1. 084 w 1.0854
1. 037 vw 1. 034
1. 03 vw 1.0299 1. 03
1, 016 w 1.0116
0. 999 w 1.0067
0. 965 w 0. 9742 0.9665 0.9543
0. 888 w 0. 8988 0.8974
0. 862 w 0.8729 0. 86 0.8643
* spinel = 
+ gamma =
# hydromag. =
MgAlaOa
Mg I T'AI 1
hydromagnesi t e - SMgCOa, Mg (OH) a. 3H=0
relative Intensities;
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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multielement map of Mg-16A1 alloy splat. The colour coding facilitates the 
identification of compounds on the surface only by the elements present. 
The multi-element mapping has shown successfully that the surface oxide is 
a mixture of two types of oxide Mg-Al-0 (red) and Mg-0 (yellow). An 
estimate of the thickness of the surface oxide from this is not accurate 
due to the mapping resolution, digital processing etc. .
4. 1.3 CONCLUDING REMARKS ON AS-SPLAT Mg-Al ALLOYS
In summary, the surfaces of the as-splat Mg-Al alloys contain an 
admixture of oxide/hydroxide and carbonates. The oxide/hydroxide on the 
surfaces of the Mg-3. 5A1 alloys was thicker than for the Mg-10A1 and the 
Mg-16A1 alloys. The latter two alloys contained Al'^ * on their surfaces in 
the form of the magnesium spinel. The amount of Al^* ions on the surface of 
the Mg-16A1 alloy was higher than for the Mg-10A1 alloy. Contamination 
from Cu particles on the surfaces of the splats was eliminated by changing 
the polishing menu for the quenching pistons.
4.2 EVALUATION OF THE OXIDE AND HYDROXIDE OF MAGNESIUM BY X-RAY INDUCED 
AUGER ELECTRON SPECTROSCOPY (X-AES)
A small chemical shift in the Mg 2s photoline is plausible, as 
follows from a comparison with Al. The Mg 2p line of a freshly polished 
sample is a doublet, the Mg Is line is a singlet with a line width close to 
the expected core level full width at half maximum. Thus quantification of 
Mg and Mg'^ * from XPS spectra was difficult. An attempt was made to use X- 
ray excited Auger electron spectra to quantify the oxide and hydroxide.
Chemical shifts can arise in several ways: difference in formal
-101-
oxidation state, difference in molecular environment and difference in 
lattice site. Distinct chemical states give rise to photoelectron peaks 
whose relative chemical shifts are sufficiently small for the peaks to 
overlap considerably. In the case of the Mg Is photoelectron peak, the 
profile of the contributory peaks is unknown for deconvolution of the 
envelope to determine the chemical state of Mg. Thus an attempt was made to 
determine the chemical state information of magnesium using the X-ray 
induced Auger electron spectra.
The Auger lines are an important part of the XPS spectrum. 
Chemical shifts are often much larger than in the photoelectron lines, 
because of polarization screening effects (see section 3.7.1 ). The concept 
of the Auger parameter [90], which is taken as the separation in kinetic 
energy of the sharpest Auger line and the most intense photoelectron line, 
is of considerable value analytically because it is a quantity independent 
of electrostatic charging thus removing the need for accurate static charge 
ref erence.
The chemical shifts of the Auger peaks, from magnesium to its 
oxide, are large. The alloys, on the other hand, show only small shifts 
with respect to pure magnesium.
Assignment of Auger peaks of the as-splat Mg-Al alloys was made 
by a detailed study of the KLL Auger spectra of clean magnesium and single 
crystal magnesium oxide (figure 4.21) compared with those magnesium and 
magnesium oxide forms studied by different research workers. A plot between 
the Mg Is binding energy versus Mg K L ^ , ^  in figure 4.22 shows that 
there is scatter of the metal component and of the oxide but a range can be
— 102—
B +S
(a )
KUL
<0 K L.L38
I
1100 1120 1140 1160
Kinetic energy (eV )
1200
KL2.3 *-2.3
(b)
"o)
§8
KL,L
c<D
C
1120 1144
Kinetic energy CeV)
1168 1192
Figure 4.21 X-ray Induced Auger electron spectroscopy (X-AES) spectra of 
(a) magnesium and <b> magnesium oxide.
Note: Bt, Bg: B^ are bulk plasmon loss peaks of respective
Auger transitions; s is surface plasmon loss peak and 
B+s is the bulk and surface plasmon loss peaks.
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Figure 4. 22 Illustration of linear relationship between core level binding 
energy, Mg Is, and Mg Klg, 3 Auger peak of magnesium and 
magnesium oxide by different workers and this work.
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TABLE 4.5
BINDING ENERGIES FOR XPS PEAKS AND KINETIC ENERGIES FOR AUGER PEAKS 
FROM MgO and Mg + ADSORBED OXYGEN, ALL ENERGIES IN eV, 
REFERED TO FERMI ENERGY <Ep>
Reference Compound Binding Energy, eV Auger
Mg K 
(Is)
0  Is MgL,
(2s)
MigLa, 3 
(2p)
Kinetic Energy, eV 
Mg KLsLe Mg KL3L3  
('D=)* CS*)*
[82] Mg 1303.0 1186. 2
[80] Mg 1303.4 89. 0 49. 9 1185.5 1180. 5
[81] Mg 1303.0 8 8. 6 49. 6 1185.6 1180.3
[91] Mg 1303.0 8 8. 55 49, 4 1185. 3 1179.8
[92] Mg 1303.6 530. 5 
-532.0
8 8. 5 49. 4 1186, 2
This work Mg
Mg-3. 5A1
Mg-10A1
Mg-16A1
1304.0
1303.2
1304.2 
1303. 8
531. 0
530. 9
531. 6 
531.0
89. 4 
8 8. 0 
89. 5 
8 8. 0
49. 6
49. 8 
49. 3
1185. 8
1187.3 
1187. 2
1180.6
1180.6 
1181. 8
[93] MgO 1179. 7 1174. 8
[80] 1305.3 531. 0 90. 4 51. 6 1180. 0 1175.4
[82] Mg+ 0^^. 1180. 0 1175.4
[92] Mg+ 1304. 2 530. 5 89. 6 50. 9 1180. 5
[81] M&+ 0«.t 1303.7
at ~100K
-532.0 
530. 2
[81] Mg+ O 1303.8 530.1
low coverage -1304.1 -530.4
at -100K
50. 2
Shoulder too 
weak to be 
resolved
-1179,8
bs 1185.0 
-1181
1181,2 and bs 
1185-1181
[81] Mg+ 0*.t 1304.3
~ 300K
530. 7 50. 4 
broad
1180.5
This work MgO 1305.0 531.4 50.6 1180.2 1175.6
Mg-10A1 1304.2 531.6 89.5 49.8 1180.6 1175.7
Mg-16A1 1303.8 531.0 88.0 49.3 1181.8 1175.7
* see Appendix 6 ; bs - broad shoulder
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identified to confine the experimental errors in type of specimen and 
instruments. Different instruments and instrumental conditions used by 
different workers are related in this plot.
Table 4.5 compares the binding energies and kinetic energies of 
magnesium core levels and Auger peaks respectively of Mg, MgO and magnesium 
with adsorbed oxygen observed by different workers and in the present work. 
Figure 4. 21 and table 4.6 show that the experimental positions of the peaks 
are within the experimental errors and are comparable with the results of 
other workers 180-82,91-93]. The tabulation shows a comparable 
identification but for a difference of ± 0. 5eV in some cases. In the best 
cases an accuracy of + 0.2 eV is attainable, i.e., a confidence of ± 0.1 eV 
on each peak position.
This experiment was further extended to vapour deposited Mg-Mn 
alloys C128] in order to resolve the oxide and hydroxide content. The 
quantification of the X-ray induced Auger electron spectra was difficult 
because : Cl) deconvolution of the overlapping peaks of the metal and oxide
was extremely difficult due to several empirical difficulties (e.g., line 
widths of the peaks are not known) (2) the X-ray induced Auger peaks for 
the oxide and hydroxide were not distinct and (3) there were overlapping 
peaks of the magnesium metal peaks and also from the magnesium carbonates 
in the specelmens.
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TABLE 4.6
PEAK POSITIONS OF X-RAY INDUCED AUGER ELECTRON PEAKS OF Mg. MgO AND Mg BINARY ALLOYS
Mg
1
MgO % Mg-lOMn [00] [82] [91] [92]
Mg KL23L83 1D2
1
‘ 1105.6 
1
1187.3 1187.2 1186.0 1185.5 1186.2 1185.3 1185.7-1186.6
Mg KL23L23 ISO
1
1 1180.6 
I
1180.0 1180.0 1179.8-1180.5
MgO KL23L23 1D2 11
1
1180.8 1180.6 1180.9 1180.4
MgO KL23L23 ISO
1
1
I
1174.6 1175.6 1175.7 1175.6 1175.4 1177.0 1175.3-1175.5
Mg KL23L23 1D2
1
1
Bulk plasmon 
loss -1 1 1175.0 I 
1
1175.6 1175.7 1175.6 1175.0 1175.5 1175.0
Mg KL23L23 1D2
1
I
I
Bulk plasmon loss -2 1 1164.4 1
1167.0 1164.5 1164.3-1165.3
Mg KL23L23 ID2 1
Bulk plasmon loss -3 11
1
1154.0
Mg KL1L23 3P0.1.2
1
J 1154.2 1155.6 1155.7 1154.1 1154.3 1154.1-1155.1
MgO KL1L23 3P0.1.2 11 1149.2 1149.4 1149.7 1149.2 1148.8
1140.4-1149.6
Mg KL1L23 IPO
1
1 1140.0 
1
1141.8 1141.3 1140.1 1140.0 1139.8 1140.1-1141.0
MgO KL1L23 IPO
1
1
1
1
1135.6 1133.8 1133.7 1135.2 1134.4 1133.9 1134.8-1135.6
Mg KLIL23
Bulk plasmon loss -1
IPO
I
1
1 1129.6 1 
I
1132.6 1129.0 1129.1-1129.7
Mg KL1L23 IPO • 1118.6 1110.0
Bulk plasmon 
loss -2 ti
Mg KLIL23 ISO ! 1106.6 1106.2 1106.0
MgO KL1L23 ISO 1I 1102.0 1102.1 1102.0 1101.2
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4.3 SPLATS IMMERSED IN 3% NaCl SOLUIION SATURATED WITH M&(OH)=
Results from corrosion studies on Mg-3.5 A1 alloy splats are 
reported for splats with and without surface contamination with Cu 
particles (see also section 4. 3.2. ]>, and are distinguished as splats of 
Batch I when contaminated with Cu particles and splats of Batch II when 
free from such contaminant. All splats of the other two alloys were free 
from Cu particles.
4. 3. 1 CORROSION OF ALLOYS
In this section the general corrosion behaviour of each alloy is 
given with respect to immersion time, morphology of the corrosion products 
and general observations in each case.
4.3.1.1 THE Mg-3.5A1 ALLOY
On immersion of the splats hydrogen evolution was observed from 
splats from both batches. In the case of batch II splats gas evolution 
occurred more or less uniformly from all over the surface unlike the batch 
I splats, where vigorous gas evolution was observed to occur from certain 
areas of the splat.
Preliminary experiments showed pit formation visible by optical
microscopy. Localised attack occurred during the corrosion tests which
resulted in perforation of the splats of both batches. The perforations are 
torefered^here also as pits. A SEM micrograph of a typical pit is given in 
figure 4. 23(a, b). The pits had an approximate diameter of 500pm for batch I 
splats and 200pm for the splats from batch II. The former splats had a 
pitting density of 16x10^ pits/m^ as compared with 7x10^ pits/m^ W  the
—108—
Figure 4.23 SEM micrographs showing corrosion pits on the surface of aMg-3.5A1 alloy splat corroded in 3% NaCl solution with t%C0H>2 for 150 minutes at 20*0. (a) pit (b) Pits near cracks
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batch II splats. A pitting density of 13x10^ pits/m^ was similarly
determined for the batch I splats positioned vertically in the solution and 
a 5x10^ pits/m=^  density for the batch II splats. Table 4.7 summarises the 
pitting density and pitting times of splats immersed horizontally and 
vertically in the corrosive medium. The difference in pit density between 
the vertical and horizontal position in the corrosion tests has been
attributed to the effect of gravity on pitting in the latter case [47]. The
pitting times and pitting densities of all alloy splats are given in table
4.7 and figure 4.24 Illustrates the effect of A1 addition in the Mg-Al 
binary alloy on the normalised pitting density (or pitting density /time 
required for pitting).
Localised attack started after 60 minutes for batch I splats as 
compared with 100 minutes for batch II splats and pitting (determined by 
the formation of perforations) occurred after 120 minutes and 150 minutes 
respectively. These observations were made using both optical and SEM 
micrographs.
4. 3. 1. 2 THE Mg-10A1 AND W^16A1 ALLOYS
Unlike the Mg-3.5A1 alloy splats vigorous hydrogen evolution 
occurred for the first 2 to 3 minutes of immersion and soon the rate of 
hydrogen evolution subsided with time for the Mg-16A1 alloy splats. However 
for the Mg-10A1 alloy splats the hydrogen evolution times were longer and 
intermittent.
The perforations or pits were similar to those shown in figure 
4.23 but were fewer and appeared after one day in the Mg-10A1 alloy splats 
and after 2-3 days and in some cases after 6 days for the Mg-16A1 alloy
-110-
TABLE 4.7
PITTING DENSITIES AND PITTING TIMES OF Mg-Al ALLOY SPLATS
CORRODED IN 3% NaCl SATURATED WITH Mg(OH>g AT 20"C.
Alloy position pitting density (xl0* pits/m?)
pitting time (minutes) ^
120 150 1440 2880 8640
Mg-3. 5A1
Batch I horizontal
vertical
16
13
Batch II horizontal
vertical
7
5
Mg-10A1 vertical 3-5
Mg-16A1 vertical 3-5 1-2
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Figure 4.24 Effect of aluminium additions in %-Al binary alloys on 
the normalised pitting density (data from table 4.7)
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splats (table 4.7). Estimates of the pitting times were not consistent. 
This may be due to the Internal porosity in the splat (figure 4.7). The 
pitting density was 1-5 %10^ pits/m®, very small when compared to the 
Mg-3.5A1 alloy. Non-uniform attack of the splats was also observed during 
the corrosion tests.
4.3.2 SURFACE CHARACTERISATION
4. 3. 2. 1 THE Mg-3. 5 A1 ALLOY
The corrosion tests showed non-uniform attack of the splats. 
Corrosion at the edge of the specimen was different to that at the centre. 
Occasionally edges had a voluminous type of corrosion product. However 
cracks, when present, were always associated with preferential attack. 
Figure 4.25a shows the crack before corrosion and figure 4.25b after 
immersion for 150 minutes. Pits were also associated with the cracks on 
the surface (figure 4.23b), EPMA analysis by windowless EDX on the corroded 
splats using a low accelerating voltage of 8 V, which is amenable to probe 
the surface (analysis depth of -1 pm), showed the presence of Mg, Al, O and 
Cl. Spot analysis carried out at the edge of the corroded crack indicated 
higher chlorine concentration than the region away from the cracks (figure 
4. 26).
Regions of localised attack were associated with Cu particles in 
the case of batch I splats (figures 4.27), and with surface cracks (figure 
4.25) and porosity (figure 4.7a) for splats from both batches (I and II). 
The corrosion product on and around the pits eventually grew into a 
voluminous type of corrosion product (figure 4.28 (a,b)). At low
113-
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Figure 4. 25 SEM micrographs showing the effect of corrosion on the cracks in l%-3.5A1 alloy splats (a) uncorroded and <b> Corroded in 3% NaCl solution saturated with for 150 minutes at 20*C.
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(c)
c3Oo
Ox Mg Cl (b)
SEM * 
micrograph
Ox Mg Cl
(a)
AlI J
Ox Mg Cl
Figure 4. 26 Montage of EPMA analyses on corroded Mg-3.5Al alloy splat In
3% NaCl solution saturated with I%(0H)2 for 150 minutes at 20*0, 
Analysis region: <a> general area around the crack,
(b) point analysis on the edge of the crack and
(c) point analysis away from the crack and on the matrix.
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magnifications the rest of the surface appeared to be free of any attack 
(figure 4.29a). This was true even for the hills and valleys on the splat 
surfaces (corresponding to polishing lines or scratches on the cooling 
substrates - Cu pistons). At higher magnifications however a fine needle 
like acicular overgrowth structure (figure 4.29b) could be observed in 
washed and unwashed specimens. The fine needle like structure evolved into 
one of coarser needles and plates as the time of immersion was increased 
(figure 4.30 and 4.31). The acicular structure was associated with rifts or 
wide shallow valleys on the surface [853.
The acicular platelets were associated with copper particles 
(figures 4.27). Growth of the voluminous product was more pronounced near 
the edges of the splats and platelets could be seen on the surface (figure 
4. 30).
XRD of the as corroded splats showed well defined, strong peaks 
corresponding to Mg, Mg(OH)a and hydromagnesite (SMgCOa. Mg(0H)3>. SH^O) 
(table 4.6). Some of the lines in the splats immersed for 150 minutes could 
be identified to belong exclusively to the pyroaurlte-sjOgrenite group of 
compounds (see below). This was not the case for splats Immersed for longer 
times. The hydroxide peaks of the corroded splats were much stronger than 
the peaks of the as-received splats C1293 (see table 4.9). SADP of the 
extracted corrosion products from the splats corroded for 150 minutes 
showed the presence of hydromagnesite. XRD of splats corroded for 400 
minutes showed similar results as for 150 minutes.
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Figure 4.27 SEM micrographs of a B%-3.5A1 alloy splat (batch I) showing localised attack of the splat in 3% NaCl solution saturated with Ng(0H>2 for 150 minutes at 20"C.(a) near the polishing lines,(b) line trace of Cu Ka at higher magnification of (a).Continued -+-117-
Figure 4. 27 Continued
<c> line trace of Cu Ka of another copper particle
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Figure 4.28 SEM micrographs showing surface morphology of a corroded Mg-3. 5A1 alloy splat in 3% NaCl solution saturated with for 150 minutes at 20*C.(a) acicular structure with ball-like growth(b) high magnification of (a)
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b  p m
Figure 4.29 SEM micrographs showing the surface morphology of a corroded Mg-3. 5A1 alloy splat in 3% NaCl solution saturated with Mg(OH) 2  for 90 minutes at 20"C.(a) Unattacked region, (b) high magnification of (a).
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Figure 4.30 SEN micrographs showing surface morphology of a corrodedMg-3.5A1 alloy splat in 3% NaCl solution saturated with B%(OH)z for 150 minutes at 20*C. (a) Acicular structure associated%d.th rifts and edges of the splat, (b) High magnification (a).
-121-
LFigure 4.31 SEM micrographs showing the surface morphology of the voluminous type corrosion product near the edge of a corroded f%-3.5A1 alloy splat in 3% NaCl solution saturated with Mg(OH) 2  for 150 minute at 20*C.
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TABLE 4.8
ANALYSIS OF THE CRYSTAL STRUCTURE OF CORROSION PRODUCTS OF Wfe-3. 5AI ALLOY SPLATS CORRODED IN 3% NaCl SATURATED WITH MgCOH)^ AT 20'C BASED ON X-RAY AND ELECTRON DIFFRACTION
Immersion time - 150 minutes TEN data
ring* Mg(OH)2 Hydro Hydrotalcite--raanasseite
Number magnesite Cg,= 15. 704 A 23.556 Â
So= 3. 085 Â 3.085 A
hexagonal rhombohedral
1 3. 516 3. 503
2 2, 572 2. 556
3 2. 209 2. 233 2.208 (10.4) 2.208 (10.8)
4 1. 582 1. 573 1.582 (10.8)
5 1. 436 1.436 (11.6)
6 1. 291 1. 31 1.294 (20.3)
7 1. 141 i 1. 147 (20. 7) 1. 137 (11. 14)
8 1. 002 1. 0067 1.002 (21.2) 1.002 (21.3)
9 0. 912 0. 9085 0. 907 (11. 14) 0. 913 (21. 11)
10 0. 790 0. 7865 0. 791 (20. 16) 0. 787 (30. 14)
11 0. 724 0.721 (31.5) 0. 728 (31. 6)
Hydromagnesite - SMgCOg. MgCOH)^, SHsO
The rhombohedral lattice parameters are based on the hexagonal lattice.
The error in determining the calculated interplanar spacing is ±0.01 or 1-2%.
# The rings are numbered from the centre (or transmitted beam spot) in 
f igure 4. 32b
Continued ->
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TABLE 4.8 Continued
Immersion time - 150 minutes XRD data
rel. Mg Mg(OH)s Hydre Hydrotalcite-manasselteint. magnesite Co= 15.704 A 23.556 A
So- 3.085 A 3.,085 Ahexagonal rhombohedral
2. 722 s 2. 725 2, 692
2. 667 m 2. 637 2. 671 (10. 0) 2. 671 (10. 0)
2. 556 vs 2. 556 2. 556 (10. 2) 2. 556(10. 2)
2. 404 vs 2. 417 2. 433 (10. 4)
2, 338 w 2. 365 2. 35 2. 324 (00. 5)
1. 973 vw 1. 994 1. 963 (00. 8) 1.978 (00. 8)
1.877 s 1. 9 1.869 (10.9)1. 774 vw 1. 794 1. 766 (10. 10)1. 587 s 1. 6047 1. 582 (10. 12) 1. 581 (10. 12)1. 561 vw 1. 573
1.459 vs 1. 473 1. 461 (10. 9) 1. 465 (11. 5)
1. 377 w 1. 389 1. 373 1. 385 (11. 5)1. 354 s 1. 366 1. 363 1. 335 (20. 0) 1. 335 (20. 0)1. 292 vs 1. 3028 1. 31 1. 308 (00. 12) 1. 290 (11. 10)1.215 w 1. 226 1. 212 (11. 8) 1. 212 (11. 12)1. 172 m 1. 179 1. 175 (11. 13)1. 078 w 1. 092
1, 076 vw 1. 0854 1. 075 (20. 13)1.046 vw 1.0505 1. 047 (11. 11)1. 043 vw 1. 046 (00. 15)1.041 vw 1. 034 1. 046 (20. 14)1.025 w 1.0299 1. 03
1. 023 w 1. 0196 1. 017 (20. 10) 1. 017 (20. 10)1. 006 m 1. 0067 t, 009 (21. 0) 1.009 (21. 0)1. 0042 m 1. 002 (21. 1) 1. 002 (21. 1)
Hydromagnesite - SMgCOs.Mg(OH)s.#Ha
The rhombohedral lattice parameters are based on the hexagonal lattice. 
The error in determining the calculated interplanar spacing is ±0.01 or 
1- 2%relative intensities:
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
Continued
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TABLE 4.8 
Continued
time - 400 minutes XRD data
d*Mp rel. Mg Mg(OH)2 Hydroint. magnesite
2. 797 s 2. 778 2. 779
2. 739 s 2. 725 2. 692
2. 637 vs 2. 605 2. 637
2. 455 vs 2. 452 2. 478
2. 398 vw 2. 387
1. 907 vs 1. 9002
1. 608 s 1. 6047
1. 578 vw 1. 573
1. 4754 s 1. 473 1. 494
1, 393 vw 1. 389
1. 377 8 1. 3664 1. 363
1. 346 m 1. 343
1. 304 vs 1. 3028 1. 31
1. 228 w 1. 2264
1. 194 m 1. 192
1. 191 m 1. 1797
1. 087 m 1. 0854 1.092
1. 051 vw 1. 0506
1. 03 m 1. 034
1. 028 m 1. 0299 1. 03
1. 0116 m 1. 0116
1. 009 m 1. 0067
0. 976 m 0. 976
0. 974 m 0.9742
0. 951 vw 0. 9504 0.9503
0. 926 vw 0.9266
0. 898 w 0. 8988 0. 900
0. 896 w 0.8974
0. 872 s 0.8729
0. 868 s 0.8643
0. 833 vw 0.8338
0. 828 vw 0.8289
0. 817 vw 0,8178 0. 8156
Hydromagnesite; SMgCOg.MgCOH)^.SH^O
The error in determining the calculated interplanar spacing is ±0,01 or 1-2% 
relative intensities;
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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TABLE 4.9
COMPARISON OF RELATIVE INTENSITIES OF SOME OF THE INTERPLANAR SPACING 
DETERMINED BY X-RAY DIFFRACTION OF THE INGOT, AS-RECEIVED AND CORRODED
Mg-3.5 Al ALLOY SPLATS [ 1293.
anar spacing 
%(OH)a
Ingot As-splat Corroded splats 
150 min. 400 min.
1. 363 vw w s s
1. 31 m ro vs vs
I. 034 w vw vw m
I. 0067 w vw m m
0.8974 vw w
The surfaces of corroded splats had the acicular corrosion 
product shown in figure 4.28. Figure 4.32 is a TEM micrograph of extraction 
replicas of the corrosion products from splats corroded for 150 minutes and 
includes a typical SADP from these extracts. The latter was taken with the 
smallest aperture (50pm) and has been indexed as magnesium hydroxide, 
hydromagnesite and a compound belonging to the pyroaurite-sjôgrenite group 
(table 4.8). Windowless EDX analysis of these replicas in the STEM has 
shown very small concentrations of O, Mg, Cl and Al in the order of 
decreasing concentrations (see table 4.10).
Windowless EPMA analysis on the corrosion products indicated Mg, 
0, Al and Cl in the order of decreasing concentration with the oxygen level 
increasing with exposure time and eventually reaching, after 17 hours, 
levels having intensity peaks almost equal to that of magnesium (figure 
4.33). At this exposure time the whole surface of the splats was covered 
with corrosion product and the splats were extremely brittle.
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Figure 4.32 TEM micrographs of surface extracts from a M(g-3. 5A1 alloy splat corroded in 3% NaCl solution saturated with MgCŒilz for 150 minutes at 20'C (a) bright field (b) selected area diffraction pattern of (a) (camera length- 75cm, accelerating voltage- 200kV).
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TABLE 4. 10
WINDOWLESS EDX ANALYSIS OF SURFACE EXTRACTS FROM RS Mg-Al ALLOY SPLATS CORRODED IN 3% NaCl SOLUTION SATURATED WITH MgCOH)^ AT 20'C (in at. X)
Alloy Mg Al 0 Cl PerforationTime AlRatio Mg:0Ratio
Mg-3. 5A1
25-40
35-55
0—1. 5 
0
55-70
44-65
1-5 
0. 5-1
120 min. 
150 min.
n. a. 
n. a.
Ij 2 
1: 1. 6
Mg-10A1
22-30 4—6 60-70 0. 5-1.5 2 days 5: 1 1: 2. 5
Mg-16A1
18-26 3-4 72-78 0. 5-2 1 day 7; 1 lî 4
17-20 3-4 73-77 0. 3 2 days 5: 1 lî 4
12-21 4—6 68-75 1. 5-2 6 Days 4: 1 Ij 4
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Figure 4, 33 Montage of windowless EDX point analyses of %-3.5A1 alloysplats corroded in 3% NaCl solution saturated with MgCOH)^ for different lengths of time at 20*0 (a) as-received <b) 90 minutes (c) 150 minutes (d) 17 hours
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XPS analysis carried out on specimen corroded for 150 minutes 
showed Mg, Mg*-*-, Na+, 0=-, CI-, (OH)- and 00=^ - on the surface. Washing the 
surface of the corroded splats with deionised distilled water and drying 
with Argon gas has showed Na*** ions to be present as surface adsorbed ions 
(figure 4.34). Argon ion sputtering for 120 minutes (etch rate=l. 2 nm/min. 
for Ta/Ta^Oe), the metal/oxide interface had not been reached. Depth 
profiling has indicated the presence of (OH)- and decreasing 01“ and COg^" 
concentration with increasing etching time (Figure 4.35).
The RBS analysis of splats corroded for -10 hours (figure 4.36) 
shows an average composition of approximately MgO^ . (as hydrogen is not 
analysed) with a Cl;Mg ratio about 1; 9 rising to about 1:6 near the 
surface. This high chlorine concentration on the surface is attributed to 
chlorine associated with adsorbed sodium ions (see figure 4.34a) and the 
excess chlorine observed even after washing (figure 4.34b) is due to the 
anodic surface [1341. The splats corroded for 150 minutes (figure 4.11c: 
spectrum 3) showed the chlorine signal depleting with depth. This depletion 
was observed in both the RBS and XPS depth profiling analyses and is due to 
the rough surface morphology of the corrosion products. None of the 
techniques used here revealed the presence of Fe (from die and punch) or Cu 
(from the pistons) on the surface of the corroded batch IX splats.
XPS and RBS analyses from the vertically and horizontally 
positioned specimens showed no differences in surface characterisation. 
Table 4.11 summarizes the techniques used together with the analysis result 
from each technique.
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Figure 4.34 Wide scans of XPS spectra from 0 to 1000 eV of the Wfg-3. 5A1
alloy splat corroded in 3% NaCl solution saturated with Mg(OH)^ 
for 150 minute at 20'C, <a> unwashed Cb> washed with deionised 
water and argon dried. The insert on each spectra show the 
Carbon, C Is, regions recorded at higher resolution; organic 
(hydrocarbon) and inorganic (carbonate) compounds can be 
clearly seen. -131-
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Figure 4. 35 Montage of sputtered depth profile XPS survey spectra
(0~230eV>, using A1 Ka radiation of the Mg-3. 5A1 alloy splats 
corroded in 3% MaCl solution saturated with MgCOH)^ for 150 
minutes at 20‘C. (a) unwashed <b> washed,
after sputter etching with argon ions for 
(c) 8 minutes <d> 70 minutes
The chlorine, Cl 2p, peak is reduced dramatically by washing 
but also on sputter depth profiling.
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Figure 4. 36 RBS spectrum of a Mg-3. 5A1 alloy splat corroded in 3% NaCl 
solution saturated with MgCOH)^ for 10 hours showing a high 
surface concentration of chlorine on the surface and a uniform 
distribution of chlorine with depth (decreasing channel 
number).
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TABLE 4.11
TECHNIQUES USED FOR SURFACE STUDIES FOR AS-SPLAT AND CORRODED 
SPECIMENS OF RS M^Al BINARY ALLOYS.
TECHNIQUE
EFMA AS-SPLAT
CORRODED
Mg-3. 5 AI
Mg, Al, 0 
Mg, Al, O, Cl
Wfe-10 Al
Mg, Al, 0 
Mg, Al, 0, Cl
Nfe-16 Al
Mg, Al, 0, Cl 
Mg, Al, 0, Cl
RBS AS-SPLAT Mg, Al, O
CORRODED Mg, Al, O, Cl
Mg, Al, O 
Mg, Al, O, Cl
XPS AS-SPLAT 0=-, (0H>“, C0@=-
Mgs-*-
CORRODED 0=-, (OH)-, Cl“
COa=-, Mg^-*-, Na*^
0=-, (OH)-, CO*: 
Mg:^ -^, Al^+
0=-, (OH)-, CO*: 
CO*®-, Mg=:+, Na" 
Al=+
0=-, (OH)-, CO*:
Mg:^ +, Al^+, Al
0=-, (OH)-, CO*:
C0*==“, Mg:^-*-, Na^  
Aia+
ERDA AS-SPLAT H 
CORRODED
XRD
STEM
i.SADP
11. EDX
Note:
AS-SPLAT MgO, Mg(OH)a
CORRODED Mg(OH)a, HM
AS-SPLAT ----------
CORRODED Mg(OH)a. HM
CORRODED Mg, (Al), 0, Cl
MgO, Mg (OH) a 
Mg (OH) a, HM
Mg (OH) a, HM 
Mg, Al, 0, Cl
MgO, Mg (OH) a 
Mg (OH) a, HM, HT
Mg (OH) a, HM, HT
Mg, Al, O, Cl
HM: Hydromagnesite SMgCO*. %(OH)a* SH^O
HT: Compound belonging to Pyroaurlte-Sjëgrenite group: MgeAla(OH)T©. CO*. HaO 
(); element detected is doubtful (see relevant section)
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4. 3, 2. 2 THE %-10Al ALLOY
"Flaking" of the splats (pieces of 200-500 pm in size) was 
observed during the corrosion experiments [863. Hydrogen evolution was 
vigorous but not as strong as in the case of the Mg-3, 5A1 alloy splats. The 
perforation or pitting density was less than the Mg-3. 5A1 alloy splats 
(table 4.7 and figure 4.24) with 3 to 5 pits/ra^  ^ over a period of one to 
two days. The perforations were observed invariably after one day. The 
surface analysis experiments were done after 2 days immersion to minimise 
the effect of porosity.
Surface analysis by XPS on Mg-10 Al alloy splats corroded for two 
days showed Mg, Mg®**', Na'*", Al^+, 0=-, Cl“, (OH)-, C0=- and Hg.0 on the
surface. Compared to the as-received alloy splat the aluminium on the 
surface of the splat after corrosion increased in concentration (figure 
4. 37),
The morphology of the corroded splats was quite similar to the 
Mg-3, 5A1 alloy. This time there were however some slight differences in the 
the SADP and the windowless EDX analysis of the extracted corrosion 
products (table 4, 10), There is a small amount of aluminium in the 
extracted corrosion products and SADP showed hydromagnesite and brucite 
(figure 4,38 and table 4,12).
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A|3+2p
Mg 2p Satellite 
(Al K«3  4 )
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Cb)
 •••
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Figure 4. 37 High resolution aluminium* Al 2p, XPS spectra of the Mg-10A1 
alloy splat excited by Al Ka radiation, (a) as-received splat 
and (b) corroded for two days in 3% NaCl saturated with MgCOH)^ 
at 20'C.
Note: The energy scales are not corrected for sample charging.
-136-
1 |jm
Figure 4.38 TEM micrographs of the surface extracts from a alloysplat corroded In 3% NaCl solution saturated with MgCOH)^ for two days at 20*C, (a) bright field<b> selected area diffraction pattern of (a) (camera length- 75cm* accelerating voltage- 200j(V).
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TABLE 4. 12
ANALYSES BY X-RAY AND ELECTRON DIFFRACTION OF THE CRYSTAL STRUCTURE 
OF THE CORROSION PRODUCTS FORMED ON THE SURFACES OF Wfe-10A1 ALLOY
SPLATS CORRODED IN 3% NaCl SATURATED WITH MgCOH)^ AT 20*C.
Immersion time *— 2days XRD - data
dosep. rel. Mg Mg(OH)a hydromag. hydrotale11 e/manasselt e*
int. Co= 15.00 Â 22.50 A
ao= 3.06 A 3.06 A
hexagonal rhombohedral
3. 746 vw 3. 750 <00. 6R, 00. 4H)
2. 818 w 2.812 <00,8R>
2. 775 w 2. 779
2. 746 s 2. 778
2. 694 vw 2. 725
2. 686 vw 2. 692
2. 618 vw 2. 637 2. 632 <10. IR)
2. 578 vs 2. 605
2. 501 vs 2. 504 2. 500 <00. 9R, 00. 6H)
2. 445 w 2. 452 2. 442
2. 417 s 2. 417 2, 397 <10. 4R>
2. 373 vw 2. 365 2. 387
2. 259 w 2. 250 <00. 10R)
2. 115 vw 2. 143 <00. 7H)
2. 075 vw 2.093
1. 878 m 1. 9002 1.875 <00. 8H>
1. 585 m 1. 6047
1. 581 m 1. 573
1. 530 vw 1.530 <11.0R, H)
1. 488 vw 1. 494 1. 499 <11. 3R, 11. 2H>)1.483 ‘ vw 1. 473 1.476 <11. 4R)
1. 457 m 1.463 <11.3H>
1. 444 w 1.4471
1. 439 vw 1.448 <11. 5R)
1. 413 vw 1. 4172 1. 416 <11. 4H>
1. 373 vw 1. 3899 1. 373 (
1. 369 vw 1. 3664 1. 363 1.364 <11. 5H)
1. 350 m 1.344 <11. 8R)
1. 347 m 1. 343
H - hexagonal
R - rhombohedral
hydromag. - hydromagnesite
* ~ hk, 1 indices given in parenthesis with the type of lattice;
H for hexagonal and R for rhombohedral lattice. The rhombohedral lattice 
parameters are based on the hexagonal lattice. The error in determining 
the calculated Interplanar spacing Is +0.01 or 1-2% 
relative intensities:
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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TABLE 4. 12
Continued
Immersion time — 2days XRD - data
rel.
int.
Mg Mg(OH) = hydromag. hydrotalcite/manasseite*
1. 325 w 1.325 (20. 0R, H)
1. 322 w 1. 31 1. 319 (20. 1H>
1. 29 m 1. 3028 1.305 <20. 2H>
1. 287 m 1.289 <20. 4R) 
1,281 (20. 3H>
1. 250 vw 1.249 (20. 6R, 20. 4HH)
1. 212 vw 1. 2264 1.212 <20. 5H)
1. 167 vw 1. 1797 1. 183 1.171 (20. 9R, 20. 6H)
1. 073 w 1. 092
1. 070 w 1. 0854 1.071 (11.10H)
1.017 vw 1. 0299 1. 03
1. 015 vw 1. 0116
1, 003 vw 1.0067
1.001 vw 1.002 <31.0R>
0, 998 vw 1.000 <3Î. 1R>
0.9653 vw 0. 9742
0. 9631 vw 0.9505 0.9543
0. 888 vw 0.8988 0.8923
Immersion time ---- 2days TEM - data
Line
number int. Mg(OH)a
hydromag. hydrotalcite/manasseite*
1 2. 784 2. 779 2.812 (00. 8R)
2. 475 2. 478 2,498 <10.3R)
2 2. 372 2. 365 2. 387 2.397 (10. 4R)
3 1. 704 1. 715 (10, 10R)
4 1. 401 1. 373 1.416 (11. 6R)
5 1, 150 1. 142 <20. 10R>
5 1, 063 1.052 <10. 13R)
6 0. 980 0.986 <31. 4R)
H - hexagonal; R - rhombohedral 
hydromag. - hydromagnesite
♦ - hk.1 Indices given in parenthesis with the type of lattice;
H for hexagonal and R for rhombohedral lattice. The rhombohedral lattice 
parameters are based on the hexagonal lattice, The error in determining 
the calculated Interplanar spacing is ±0. 01 or 1-2% 
relative intensities;
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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4.3. 2. 3 THE Mg-16 Al ALLOY
"Flaking" of the splats was also observed as 200-500pm size
metallic flakes were collected at the bottom of the tank during the
corrosion test C86]. The hydrogen evolution was less vigorous than for the 
two dilute Mg-Al alloys, it was also intermittent and ceased after few 
minutes of immersion. The pitting density of 2 to 5 pits/m® was very low 
compared to the other two alloys (table 4.7 and figure 4.24). Perforation 
occurred between two to six days, on average after ^3 days due to the
effect of porosity.
A typical multielement EFMA windowless EDX map is shown in
figure 4.39a. An aluminium rich compound is present on the surface of the 
splat corroded for two days, Mg-Al-O (red) and Mg-Al-O-Cl (white) and Al-0 
(green). On average the Mg-Al-0 compound (red) concentration was increased 
compared with as-splat alloy (figure 4. 16b). There are also regions with 
the %-0 (yellow) compound. Figure 4. 39a shows microtoming artifacts 
(shearing of the splat) in the centre (red) and also dust particles 
(yellow). The latter is evident in the digital image of the same region 
shown in figure 4.39c) and was verified by SEM (figure 4.39c).
XRD of the corroded splats showed well defined, strong peaks 
corresponding to Mg, hydromagnesite (SMgCO^.Mg(OH)%.3HaO) and a hexagonal 
compound close to the brucite (Mg(OH)æ) structure. Table 4. 13 gives the 
results of the XRD analyses for the different immersion times. The surface 
of the corroded splats had an acicular corrosion product as observed in 
corroded Mg-3. 5A1 alloy splats C88}. Figure 4.40 gives typical micrographs
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10 pm
Figure 4.39 EPMA multielement digital maps of the interface between the the base metal and the corrosion products of *%-16Al alloy splat corroded in 3X NaCl solution saturated with ^for two days at 20*0 (a) corroded splat,<b> SEI digital map of region (a)Colour Codes: -Blue- Mg: Al; Red- M^:A1:0; Yellow- Mg: 0;Green- Al: 0; White- Mg: Al: O: Cl. Continued -»-141-
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À
RESIN SPLAT
Figure 4. 39 Continued<c> SEI micrograph of region (a) showing the artifacts from microtoming and comparing the digital image in (b).
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TABLE 4. 13
ANALYSES BY X-RAY AND ELECTRON DIFFRACTION OF THE CRYSTAL STRUCTURE 
OF THE CORROSION PRODUCTS FORMED ON THE SURFACES OF Mg”16AI ALLOY 
SPLATS CORRODED IN 3% NaCl SATURATED WITH MgCOH)^ AT 20*C.
Immersion tine —  150 minutes XRD - data
d*^p rel.
int.
Mg Mg(OH)= hydromag. hydrotalcite/manasseite*
Co= 7.82 Al 7.392 A
a o =  3. 06 Al 3.06 A
5. 215 vw 5. 215(00. 3H)
4. 928 vw 4. 77 4. 928 (00. 3H>
3. 738 vw 3. 696 
(00. 4H, 00. 6R)
2. 738 s 2. 778 2. 725 2. 779 2. 772(00. 8R)
2. 675 s 2. 65(10. 0H, R) 2. 65(10. 0H, R)
2.667 vs 2. 633(10. IR) 2. 631 (10. IH, R>
2. 563 s 2. 556 2. 584(10. 2R> 2.577(10.2R)
2. 497 vs 2. 452 2. 504 2. 509
<10. 2H, 10. 3R)
2. 494 
(10. 2H, 10. 3R)
2. 417 vs 2. 417 2.415(10. 4R> 2. 39(10. 4R)
2. 254 w 2. 233 2. 35 (00. 7H) 2.274(10. 5R)
2. 161 vw 2. 185 2. 193
(10. 4H, 10. 6R>
2. 155 
(10. 4H, 10. 6R)
2.08 vw 2. 09 2. 079(10. 7R)
1,877 8 1. 9 1. 858
<10, 6H, 10. 9R)
1.848 (00. 8H)
1.582 s 1. 573 1. 573
(10, 8H, 10. 12R)
1. 584(00. 14R)
1. 530 vw 1. 53(11. 0H, R) I. 53(11. 0H, R)
1. 496 w 1. 486 1. 494 1.492(11. 13R) 
1.5(11. 2H, 11. 3R)
1.498 
(11. 2H, 11. 3R>
1. 456 s 1. 473 1. 455(11. 5R> 1. 462(11. 3H>
1. 440 
1.406
w
vw 1.446(11. 5R) 1. 411 
(11. 4H, 11. 6R)
H
R
- hexagonal
rhombohedral
hydromag. - hydromagnesite
 ^ - hk. 1 indices given in parenthesis with the type of lattice; H for 
hexagonal and R for rhombohedral lattice. The rhombohedral lattice 
parameters are based on the hexagonal lattice. The error in determining the 
calculated interplanar spacing is ±0.01 or 1-2% 
relative intensities:
m - medium; w - weak; vw - very weak
CONTINUED
vs - very strong; s - strong;
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TABLE 4. 13ContinuedImmersion time —  150 minutes XRD data
d*(xp rel. Mg Mg(OH) = hydromag. hydrot alcite/manassei te*
int. c.:,= 7.82 Al 7.392 A
a „ =  3.06 Al 3.06 A
1. 396 vw 1. 391(11. 7)
1. 393 vw 1. 389
1. 327 m 1. 343 1. 31 1. 325(20. 0H, R> 1. 325(20. 0H, R)
1. 248 w 1. 2296 1. 243(11. ilR) 1. 247
(20. 4H, 20. 6R)
1. 212 vw 1. 226 1, 22(20. 5H) 1. 218(11. UR)
1. 199 vw 1. 192 1. 198(10. IIH)
1. 168 vw 1. 179 1. 169(10. 12H) 1. 167
(20. 6H, 20. 9R)
1. 143 vw 1. 148(11. 9H> 1. 139(11. 13R)
1. 126 vw 1. 118 1. 126(20. HR) 1. 122(20. 7H)
1.071 w 1. 085 1.068(20.13R) 1.076
(20. 8H, 20. 12R)
1. 037 vw 1. 034 (1. 039(20. 14R) 1. 031 (20. 9H)
1.016 w 1. 029 1. 011 1. 016(20. 13R)
(10. 10H, 20. 15R)
1. 001 w 1.006 1. 002(21. 0H, R) 1. 002(21. 0H, R)
0. 965 w 0. 974 0. 97(21. 4H) 0. 966
(21. 4H, 21. 6R)
0. 964 w 0.969(20. IIH) 0. 959(11. 12H)
0. 939 w 0. 945 0. 935 0. 942(20. 16)
(21. 6H, 21. 9R)
0. 915 w 0. 926 0.9085 0. 914(21. 7H)
0. 888 w 0. 898 0.8977 0. 883(30. 0H, R) 0. 883(30. 0H, R)
0. 877 vw 0.8729 0.8643 0. 877 0. 872(30. 4R)
(30. 2H, 30. 3R)
0.859 m 0.8643 0. 861 0. 859
(30. 4H, 30. 6R) (30. 4H, 30. 6R)
0. 824 vw 0. 829 0. 824(11. 16H)
0. 820 vw 0. 8178 0.8156 0.821(30. 7H) 0. 82(30. 10R)
H - hexagonal
R - rhombohedral
hydromag. - hydromagnesite
* “ hk. 1 Indices given in parenthesis with the type of lattice; H for 
hexagonal and R for rhombohedral lattice. The rhombohedral lattice 
parameters are based on the hexagonal lattice. The error in determining the 
calculated interplanar spacing is ±0.01 or 1-2%. 
relative intensities:
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
CONTINUED 4
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Immersion time —  1 Day
d«*p Mg(OH)a
TABLE 4. 13Continued
TEM “ data
hydrotalcite/manasselte* 
hexagonal rhombohedral
Cc= 15.834 A 23. 75 A
3.06 A 3. 06 A
7. 838 7.917 (00.2) 7. 917 (00. 3)
3. 008 2. 968 (00. 8)
2. 411 2. 365 2. 419 (10. 4)
1. 795 1. 794 1. 769 (10. 10)
1. 698 1. 674 (10. 11)
1. 512 1. 517 (11.2)
1, 429 1. 429 (10.14)
1. 223 1. 210 (11. 12)
1. 155 1. 154 (11, 9)
1. 102 1.101 (20.8) 1. 101 (20. 12)
1. 040 1. 03 1.048 (11. 11) 1. 044 (20. 14)
0. 986 0.9855 (20.16)
0. 894 0. 9 0.8937 (21.8) 0.8937 (21. 12)
0, 840 0.8467 (30.6) 0.8467 (30. 9)
0, 792 0. 7865 0. 806 (30. 8) 0.7975 (30. 13)
Immersion time —  2 Days TSM -- data
Mg(0H)2 hydrotalcite/manasseite* 
hexagonal rhombohedral 
Co== 15. 62 A 23. 34 A
8^= 3.06 A 3. 06 A
2. 386 2. 365 2. 414 (10. 4)
2. 379 2. 365 2.361 (10.3)
1. 704 1.706 (10.7)
1. 697 1. 673 (00. 14)
1. 415 1.42 (00.11) 1. 415 (10. 4)
1. 392 1. 37 1. 391 (11. 7)
1. 228 1.219 (20.5) 1. 232 (20. 7)
1. 200 1. 19 1.204 (11.8) 
1.201 (00.13)
1. 204 (11. 12)
1, 099 1.096 (20.8) 1. 096 (20.12)
1. 087 1. 09 1. 093 (11. 10) 1. 093 (11. 15)
1. 044 1. 03 1.053 (20.9) 1. 057 (11.16)
0. 971 0.976 (00.16) 0. 982 
0. 97
(20.16) 
(21. 6)
* “ The rhombohedral lattice parameters are based on the hexagonal 
The error in determining the calculated interplanar spacing is 
1-2%.
CONTINUED
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Immersion time —  6 Days
dUnp rel. Mg 
int.
TABLE 4. 13
Continued
XRD " data
Mg<0H)a hydrot alcit e/manasseite*
hexagonal rhombohedral
c^= 15.646 A 
a«= 3.06 A
23. 469 A 
3.06 A
2.730 w 2. 778 2. 725
2.549 vs 2.584 (10.2)
2.481 w 2. 452 2. 509 (10.2) 2.509 (10. 3)
2.404 s 2. 415 <10. 4)
2.248 vw 2. 235 <00. 7>
2, 108 vw 2.079 (10. 7)
1.869 m 1. 9 1. 858 <10. 6) 1.858 (10. 9)
1.580 m 1. 573 1. 573 (10. 8) 1.573 (10. 12)
1.496 vw 1. 494 1. 501 (11.2) 1.503 (11.3)
1.492 (11. 13)
1. 450 m 1. 473 1. 453 (11. 9) 1.454 (11. 5)
1. 369 vw 1. 366 1. 373 1. 374 (11. 5)
1.321 m 1. 343 1. 31 1. 325 (20. 0) 1.325 (20. 0)
1. 290 w 1, 302 1. 306 (20. 2) 1. 292 (20. 4)
1. 163 vw 1, 179 1, 183 1. 169 (10. 12) 1. 167 (11. 13)
1. 078 vw 1. 085 1. 092 1.68 (20. 13)
1.016 vw 1.029 1. 03 1. 011 (20. 10) 1.011 (20.15)
0,999 vw 1. 011 1.0067 1. 001 (21. 0) 1,001 (21. 0)
0. 964 vw 0.9742 0. 970 (10.15)
0.962 vw 0. 95 0.9543 0. 953 (21. 5)
0. 888 vw 0, 898 0. 9823 0. 883 (30. 0) 0. 883 (30. 0)
* - The rhombohedral lattice parameters are based on the hexagonal lattice. 
The error in determining the calculated interplanar spacing is ±0.01 or 
1- 2%relative intensities:
vs - very strong; s - strong; m - medium; w - weak; vw - very weak
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Figure 4.40 A typical SEM micrograph showing surfaces of f%-16Al alloysplats corroded in 3% NaCl solution saturated with MgCOH)^ for two days at 20*C.
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of the corroded splats. A typical micrograph of extracted corrosion 
products is given in figure 4.41(a,b), and SADP using the smallest aperture 
(50pm) is shown in figure 4.41c. SADPs taken from the extracted corrosion 
products for different immersion times correspond to a hexagonal crystal 
structure. In tables 4. 13 and 4. 14 are given the ’ c' and * a' values of the 
corrosion products at different immersion times and the interplanar 
spacings, d, for the SADP pattern shown in figure 4.41c.
The results of the EDX analyses of the corrosion products are 
given in table 4. 10. There was an increase of aluminium with increase in 
corrosion time and a decrease in magnesium. The ratios of AIj Mg and Al: 0 
exhibit an increasing trend with immersion time from 1:7 to 1:4 for Al: Mg 
and from 1:30 to 1:16 for Al; O. The Mg: 0 ratio maintained a constant value 
of about 1:4. A plot of the ratio Al:Mg vs the ratio Al: 0 is shown in 
f igure 4. 42.
XPS analyses carried out on specimens corroded for 150 minutes, 2 
days and 6 days showed %, Mg=^-", Na+, Al^^, 0®“, Cl“, (0H>“ and COs,--- on
the surface. Washing the surface of the corroded splats with deionised 
distilled water and drying it with argon gas showed Na^ ions to be present 
as surface adsorbed ions, presumably as NaCl precipitated from the test 
solution on drying as observed in corroded l%-3.5A1 alloy splats. Figure
4. 43 shows that Al^^ ions concentration increased with immersion time.
In figure 4.20 are given superimposed RBS spectra of Mg-16A1 
alloy splats corroded for 150 minutes and 2880 minutes (two days). The 
estimated depth of chlorine below the surface after 2880 minutes is =il50nm.
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Figure 4. 41 TEM micrographs of the surface extracts from a f%-16Al alloy splat corroded in 3% NaCl solution saturated with Mg(OH)z for two days at 20*0, (a) bright field, <b> SEI micrograph (STEM),Continued -»
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Figure 4. 41 Continued
Cc) selected area diffraction pattern (camera length- 75cm, accelerating voltage- 200fcV).
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TABLE 4.14
THE CRYSTAL STRUCTURE AND LATTICE PARAMETERS OF THE CORROSION 
PRODUCTS FORMED ON RS M^AI BINARY ALLOY SPLATS IMMERSED IN 
3% NaCl SOLUTION SATURATED WITH MgCOH)^ AT 20'C.
Experimental Immersion crystal
Technique time structure
Interlayer
c*A
Mg-3. 5A1 alloy
XRD/TEM 150 min. hex.
rhd.
15. 704 
23.556
3. 085 
3. 085
7. 852 
7. 852
Mg-10A1 alloy
XRD/TEM 2 days hex,
rhd.
15.000 
22.500
3. 065 
3. 065
7. 500 
7. 500
Mg-16A1 alloy
XRD 150 rain. hex.
hex
15.646 
14. 784
3. 06 
3. 06
7. 823 
7. 392
TEM I day hex.
rhd.
15. 834 
23. 75
3. 06 
3. 06
7. 916 
7. 916
TEM 2 days hex.
rhd.
15. 62 
23. 43
3. 06 
3. 06
7. 81 
7. 81
XRD 6 days hex.
rhd.
15.646 
23. 469
3. 06 
3. 06
7. 823 
7. 823
hex, - hexagonal 
rhd. - rhombohedral
Notes: The rhombohedral lattice parameters are given in hexagonal indices.
The error in determining the calculated interplanar spacing is ±0. 01 
or 1-2%
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Figure 4. 42 Mg: Al ratio as a function of 0: Al ratio from windowless EDX 
analyses of the corrosion extracts of Hg-16A1 alloy splats 
corroded In 3% NaCl solution saturated with MgCOH)^ for 
different Immersion times at 20*G.
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Figure 4. 43 Montage of high resolution aluminium, Al 2p, XPS spectra of
the Mg-16A1 alloy splats corroded In 3% NaCl solution saturated 
with I%(0H>2 for different length of time at 20*C, illustrates 
the increase in aluminium concentration on the surface with 
time, (a) as-received <b> 150 minutes (c) 2 days Cd) 6 days. 
Note: The energy scales are not corrected for sample charging.
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Also the chlorine concentration is uniform with depth. For the discussion 
that follows it is worth noting at this stage that even though the Mg-16A1 
alloy splats have very thin surface oxide/hydroxide (10-50nm) compared with 
the Mg-3.5A1 alloy the varying concentration of chlorine was observed for 
Mg-16AI alloy splats corroded for 150 minutes (depletion of chlorine with 
depth: figure 4.20; spectrum 2). The latter is attributed to the
nonuniformity of the corroded surface caused by the anodic sites on the 
surface of the splat in the early stages of the corrosion C1343. After long 
immersion times the spectrum shows a uniform concentration distribution of 
chlorine with depth (figure 4.20: spectrum 3>. In the Mg-3.5A1 alloy
splats, which have a thick oxide to begin with, there is varying chlorine 
concentration with depth even after long corrosion times and also there 
exists a region of uniform concentration of chlorine with depth (figure 
4.36). The ratio of Cl; Mg is 9:1 for the Mg-16A1 alloy splats corroded for 
two days and is similar to the Mg-3. 5A1 alloy splats corroded for 10 hours. 
The 0; Mg ratio is 2.2:1. The growth of the corrosion product In Mg-16A1 
alloy splats can be followed by comparing the shape of the backscatterlhg 
yield after the magnesium edge. In the as-received splat this sharp edge, 
which becomes graded during the 150 minute immersion, has a slope
indicating a mixture of magnesium in metal and oxide form (note the oxygen
edge formation). After two days of immersion the magnesium edge forms a
step Indicating a thick corrosion product.
A summary of the results is given in table 4.11.
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4. 3. 3 CONCLUDING REMARKS ON THE CORRODED SPLATS
The normalised pitting density gives a first indication of 
improved corrosion resistance with aluminium addition in the Mg-Al alloy. 
There are Al®’^ Ions present on the surfaces of the as-splat Mg-10A1 and 
Mg-16A1 alloys.
The presence of aluminium ions, chlorine ions and carbonate ions 
in the corrosion products coupled with the results from the diffraction 
studies suggested the formation of a double hydroxide compound belonging to 
the pyroaurlte-sjëgrenite type of compounds (see below). In general, the 
prevailing morphology of the corrosion products in general is acicular in 
all the splats. Hydrogen evolution stops with increasing alloying addition.
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CHAPTER V 
DISCUSSION
5. 1 THE Mg-3. 5A1 ALLOY
5.1.1 AS-SFLAT
The microstructure of the Mg-3. 5 A1 alloy splats was a solid 
solution. The average grain size of the splats (figure 4,5) was smaller 
than for the as-cast alloy of the same composition (figure 5.1) but within 
the range of grain sizes reported in other RS magnesium alloys (table 2.6).
The presence of magnesium oxide and magnesium hydroxide on the 
surfaces of the as-splat Mg-3. 5 A1 alloy, confirmed by the XRD, RBS and XPS 
analyses (see table 4,11), is in good agreement with the observations of 
Long et. al. [593 on conventionally cast magnesium and AZ61 alloys. 
Associated water observed by XPS analysis can be attributed to adsorbed 
water on the surface (figure 4. 13). A similar observation was made even 
after argon sputtering and it is envisaged that the surface morphology of 
the splat, shown in the SEM micrographs in figure 4,9(a,b), leads to 
shadowing of some surface regions by the ion and X-ray beams as a result 
of system geometry in XPS. Consequently even after extended periods of 
argon sputtering there are regions of the specimen analysed by XPS that 
have not "seen" the ion beam. The Inability to measure accurately the depth 
of oxygen on the surface by RBS can be attributed to this factor to a 
certain extent. Furthermore both XPS and RBS have poor spatial resolution 
but excellent depth resolution for a planar surface C943.
The thickness of the surface oxide/hydroxide film formed on
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Figure 5. 1 SEM micrographs of as-cast (a) Mg-3. 5 Al alloy and 
(b) M^16A1 alloy
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magnesium in dry air conditions has been estimated to be 7nra C953. In this 
work, the estimated oxide thickness for the Mg-3. 5A1 alloy splats is higher 
than 7nm. This can be attributed to high temperature oxidation of the alloy 
during levitation melting prior to the splattlng process, even though 
splatting was done in an argon atmosphere. The effect of oxygen pressure on 
ignition temperatures and oxidation rates has been studied by Fassel et. 
al, [96] for pure magnesium and Mg-Al binary alloys processed in oxygen. 
Ignition temperatures of magnesium were generally lowered by alloying 
elements and increased by an increase in oxygen partial pressure. Below 
atmospheric pressure, the ignition temperature decreased reaching a minimum 
at about 0, 4 atmospheres and rose again at lower pressures. A correlation 
was found between the rates of linear oxidation and ignition temperatures 
of Mg-Al alloys. Aluminium additions in magnesium lowered the ignition 
temperature and increased the oxidation rates.
5.1.2 PITTING WITH REGARD TO SURFACE DEFECTS AND SURFACE CONTAMINANTS
The cracks formed due to splattlng and/or specimen preparation 
(see figure 4.9b and 4,25a) became regions of high corrosion attack (figure 
4.25b), In some cases (as shown in figure 4.23) pitting has been observed 
on or near the cracks.
Copper, like most metals, is cathodic (more noble) to 
magnesium. Thus the degree to which the corrosion of magnesium is 
accelerated under given conditions depends on how rapidly the effective 
potential of the couple is reduced by polarisation as galvanic current 
flows. The main polarisation mechanism in any magnesium couple in a NaCl 
solution is the resistance to the formation and liberation of hydrogen gas
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at the cathode. Copper, a metal of low hydrogen overvoltage, will thus 
constitute an efficient cathode for magnesium and would cause severe 
galvanic corrosion. This is consistent with the observation of vigorous gas 
evolution from certain areas of the surfaces of batch I splats.
Following Tomashov et. al. [97], Robinson and King [98,99] and 
Wranglen [100], it can be postulated that initiation of pits generally 
occurs by adsorption of activating anions CCI") on certain defective sites 
(e.g., kinks, voids) in the overgrowth film. Under, the influence of the 
corrosion current generated by the pit cell, migration of chloride ion 
occurs inside the pit causing enrichment in chloride ions. Simultaneously 
an acid solution within the pit is produced by hydrolysis of metal ions. 
This results in a highly concentrated conductive salt solution having a 
low solubility of dissolved oxygen which in turn accelerates pitting. 
Presence of noble metals (Cu in the batch I splats) in the vicinity of the 
pits maintains the cathodic potential, thus again facilitating pitting. 
Furthermore, the generation of hydrogen ions and chlorine ions lowers the 
pH at the bottom of the pit and consequently the dissolution rate of Mg is 
Increased. This Increase in dissolution increases migration and the result 
is the self-sustaining pitting attack. In a vicious circle the pit creates 
conditions which promote its further growth. This is evident from the 
pitting times and the number of pits observed for the batch I and batch II 
splats (table 4.7).
The above mechanism is explained schematically in figure 5.2. 
The anodic metal dissolution reaction (see also section 2.4.1) at the 
bottom of the pit,
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Figure 5. 2 Schematic of the mechanism of localised attack of Mg-Al alloy 
splats - perforation or pitting.
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Mg 4 Mg==-^ + 2e“ AG = -108.99 kcal (-456,2 kJ) .. (1)
Is balanced by the cathodic reaction on the adjacent surface
Oa + 2HaO + 4e“ 4 4(0H)“ AG = -37.0 kcal (-154.88 kJ) ..(2).
The increased concentration of within the pit will then cause
migration of Cl" to maintain neutrality and is hydrolysed by water as 
Mg=^ -^  + HaO + 01“ 4 Mg (OH)Cl + AG = 22.0 kcal (92.2 kJ) .. (3)
2H- + 2e- 4 Hat AG = 0.0 kcal . . (4)
Mg (OH) Cl + HaO 4 MgCOH)^! + + Cl“ AG = 1.07 kcal (4.5 kJ> .. (5)
Mg +2HaO 4 Mg(OH)a1 + H^t AG = -85.9 kcal (-360 kJ)., (6)
where reaction (6 ) is the sum of <1) and (3)-(5), The above mechanism is 
also true for pits initiated on surface cracks (figure 4.23b) as well as 
mac, o-pores connected with the surface via a narrow entry (figure 4.7a),
Robinson and King [98] have suggested that in NaCl electrolytes 
magnesium hydroxychloride occurs as a corrosion product, even at low anodic 
currents. Formation of Mg(OH)Cl has also been suggested by Casey and 
Bergeron C1013 in an acidic environment. It is proposed that reactions 1 
and 3-5 are possible intermediate reactions under the acidic environment in 
the pit and lead to the formation of Mg(OH)Cl. The presence of Cl“ and 
(OH)" on the surfaces of the corroded splats has been confirmed by XPS 
(figures 4.34 and 4.35). Decreasing levels of Cl" on the surfaces of 
corroded splats observed by RBS (figure 4. 11c: spectrum 3, figure 4.36) and 
XPS depth profiling (figure 4.35) are due to the rough surface morphology 
of the corrosion products. However it is Important to notice that the RBS 
spectra of the highly corroded Mg-3. 5A1 alloy splats show a uniform 
distribution of Cl (figure 4.35) with Mg: Cl ratio of 9:1 and an 0:Mg ratio 
of 2: 1. Without considering hydrogen (from OH and water) and carbon (CO^^")
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this data corresponds to an approximate stoichiometry of Mg^Oi^Cl. The 
latter "compound" has a very low concentration of Cl compared with the 
Mg(OH>Cl compound or other hydroxy chlorides.
Wells E130] defines three types of anhydrous hydroxychloride: 
(1) Me<OH)Cl, (11) Ms=+(0H)*Cl2_* and (ill) (OH>s,Cl. Classes (1) and
(ill) are stoichiometric compounds with OH and Cl occupying definite 
positions in the structure. Furthermore, there are three possibilities for 
the constitution of the close-packed layers of the class (i) structure. 
These are: (a) random arrangement of Cl and OH throughout, (b) alternate
layers of Cl and OH, and (c) all layers with regular structure of 
composition (OH)aCl. The structure of anhydrous Mg(OH)Cl is C19, like the 
structure of MgCl^ ., with random arrangement of OH and Cl. Other 
hydroxyhalides of magnesium may have the C6 structure of Mg (OH)a» In class 
(ii> there is apparently random arrangement of OH in some of the anion 
positions of the î%(OH)s> layered structure. The crystal structure of 
hydrated magnesium hydroxy chloride has been studied by Wolff et. al. 
[131]. It is triclinic with a double chain of composition (OH)3 (H^O) 3  
which is held together by Cl~ ions and H^C molecules. The structural 
formula of this compound is given as tMgs(OH)3 (H;sO)3]Cl. H^O or 
Mg;a<0H>3<Cl>. 4H2O [1313.
Considering the hydroxychloride structures described above and 
the RBS results in this work there is indirect evidence of the formation 
of Mg(OH)Cl as an intermediate corrosion product (reaction 3 above) which 
then dissociates to give Mg(OH)a according to reaction 5 (see next section 
and section 5,3 for discussions on the chlorine incorporation in the 
structure). Reaction 6 shows that an aqueous solution of magnesium
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dissociates into insoluble hydroxide, %(OH)a. This is also in agreement 
with the EPMA (figure 4.33) and RBS (figures 4.13b: spectrum 3 and 4.36)
results indicating the increased oxygen content on the splat surface with 
increased exposure time to the corrosive environment and with the presence 
of Mg(OH)a in the surfaces of the corroded splats.
Once a pit is initiated in any of the three locations discussed 
above, its propagation is very dependent on hydrogen ion concentration and 
accumulation of chloride ions in the pit. The decrease of pH in the pit 
cavity will promote more rapid anodic dissolution of its surface. The 
geometry of macropores such as those in figures 4.7 and 4.9b is expected to 
be essential in promoting electrochemical heterogeneity since their 
interior functions as an anode and their exterior as a cathode. 
Considerable potential gradient is caused by the high resistance of the 
narrow electrolytic path which prevents the passivation of the pore 
interior. Central porosity has also been identified in the splats (figure 
4.7a). Although initially these pores are not connected with the surface, 
once pits have started to become deeper these central pores will eventually 
come in contact with the corrosive environment and attack will be 
accelerated over a larger area by the mechanism discussed previously. The 
presence of pores is therefore detrimental for the pitting corrosion and 
care should be applied when assessing the corrosion results for RS alloys 
using splats as specimens for the evaluation experiments.
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5. 1.3 SURFACE: STRUCTURAL CHEMISTRY AND MORPHOLOGY OF THE CORRODED SPLATS
The surface features of the type shown in figure 4.28 are 
attributed to the effects of local pH changes brought about by magnesium 
dissolution on the surface of the splat.
On the corroded splat surface features like those shown in 
figures 4.28-4.32, were observed. The growth mechanism responsible for the 
acicular morphology of the corrosion products can be explained in terms of 
(!) a microscopic and <ii) a macroscopic mechanism. The acicular corrosion 
product is termed hereafter the "GARDEN EFFECT".
The microscopic mechanism is based on the prior crystal structure 
on the surface of the splat and the migration of the ions in the corrosion 
products (figure 5.3a). Hydrolysis of the cubic oxide on the surface of the 
splat (molar volume: 11.248 cm^ ') to hexagonal brucite (molar volume: 24,63
cm®) causes changes in the lattice volume. This leads to the formation of 
lattice defects in the structure of the brucite to accommodate the hydroxyl 
species in the lattice and produces micropores within the brucite layers 
and between the prior brucite and brucite formed by hydrolysed oxide.
These micropores are permeable to H^ O, OH" and Cl" ions which migrate to
the metal/ [oxide/hydroxide] interface, Cowan and Harrison [1023 have 
speculated such migration on the basis of electrochemical studies on
magnesium. At the interface the magnesium hydrolysis to Mg(OH)%, is
accompanied by the release of hydrogen according to 
Mg + 2H%0 4 Mg (OH).. + Hgt. At this interface the hydrogen gas tries to move 
outwards into the solution which in turn ruptures the overlying brucite, 
thus forming the acicular morphology on the surface.
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Figure 5.3 Schematic representation of the Garden Effect
(a) microscopic mechanism (b) macroscopic mechanism
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The macroscopic mechanism considers local concentration changes 
in Mg®"^  ions in macroscopic defects on the surface of the splat. This is 
explained by the high concentration of Cl'" ions at the rifts on the surface 
of the splat (as seen in figure 4.9b and shown schematically in figure 
5.3b) which cause a high rate of magnesium dissolution, thus 
producing a hemispherical zone surrounding the initial corrosion site, 
containing a solution of lower pH. Growth of this diffuse hemispherical
zone may be arrested by either excessive dissolution of the magnesium
causing instability of the buffer or physical instability within the zone. 
This loss of continuity causes an outburst of excess Mg®"*" ions from the 
hemispherical zone into the highly basic region above. This in turn leads 
to the precipitation of magnesium compounds in the form of acicular 
hydroxides and/or oxides, growing outward from the corrosion site at the 
metal surface. These acicular features lead to the hemispherical "GARDEN 
EFFECT", see figures 4.30 and 5.3. The scanning image of the interface
region of the metal and the corrosion product in figure 5. 4 shows them 
radiating outwards from the corrosion sites on the metal surface. The 
presence of chlorine at this point is also consistent with the above model.
The chlorine ions are adsorbed on the surface hydroxide and 
replace the hydroxyl ion due to the similarity of charge and the
supersaturation of hydroxyl ions in the surroundings. The carbonate ions 
assume positions with water to neutralise the charge imbalance near the 
regions where MgO hydrolysed to its hydroxide and thus lead to the 
formation of the hydromagnesite type of structure. The chlorine ions 
diffuse into such interlayers which consist of hydroxyl ions, water and 
carbonate ions. The carbonate ions can diffuse only through the interlayer
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Figure 5. 4 SEI micrographs on STEM mode of extracted corrosion product 
corroded in 3X NaCl solution saturated with MgCOH)^ at 20*0
(a) Mg-3.5A1 alloy splat corroded for 150 minutes
(b) Mg-16A1 Alloy splat corroded for two days.
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as they are large by volume and the charge balance does not account for a 
substitution with the hydroxyl ions, On the other hand the chlorine ions, 
though of a larger size than the hydroxyl ions, have the same charge and 
can move through interlayers and stacking faults created by the growth of 
the hydromagnesite formed over a period of time, Diffraction studies have 
shown that hydromagnesite is observed over long immersion times. In order 
to maintain a charge balance between the newly formed hydroxide the 
chlorine ion and water form an interlayer. Wolffe et al. [1311 have 
concluded that chlorine ions and water molecules hold together the layered 
hydroxide structure in the hydrated magnesium hydroxychloride structure.
The improved resistance to corrosion of rapidly solidified 
magnesium-»aluminium binary alloys has been attributed to the resistance of 
the aluminium content of the surface film towards dissolution [113. XRD of 
the corrosion products from AZ31B sheet exposed outdoors for four years 
revealed only the diffraction patterns of SMgCOa. Mg(OH)e. SH^O
(Hydromagnesite) and Mg^ Als. (OH),©CO3. 4HsO (Hydrotalcite) C 1033. Luklinska 
and Castle [1043 have also reported hydrotalcite film formation on A1 
brasses in a marine environment. In this work, XPS has shown the presence 
of carbonate and chlorine on the surface (figures 4.34 and 4.35). Nussbaum 
et al. [303 have observed MgO, MgCOH)^ and hydrated carbonate by 
thermodesorbtion experiments on the surface of the melt spun AZ91 HP 
ribbons.
The RBS spectra (figure 4.36) indicate uniform distribution of 
chlorine with depth on a highly corroded splat. XRD studies on corroded 
Mg-3.5A1 alloy splats have shown magnesium hydroxide and hydromagnesite 
which has been confirmed by the electron diffraction patterns obtained from
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the extraction replicas of corroded splats (figure 4.32 and table 4.8). It 
is proposed that Cl“ ions exist in the defect structure of the corrosion 
product Mg(OH)^ as an incorporated species. Bradford et. al [1053 in their 
Investigation of the aqueous corrosion of Magnox AL 80 alloys with fluoride 
ions at different temperatures have shown that the fluoride ion inhibits 
the corrosion reaction and forms magnesium hydroxyfluoride, i.e., 
Mg(0H)2._«Fj... Their studies have also Indicated that the fluoride ions - '
Interfere in the corrosion mechanism, possibly in the charge or ion
transfer stages. Formation of hydroxyhalide is determined by the
electronegativity of the anions involved. Chlorine ions have a lower
electronegativity than fluorine but similar to hydroxyl ion. Moreover, none 
of the structures of magnesium hydroxychlorides as reported in the JCPDS 
files was observed in the diffraction studies of the corrosion products,
Hence chlorine ions between the layers of brucite balance the charge 
between the layers of the raicroporous Mg(OH)s. as observed by Wolffe et. al,
C1313 but with low Cl concentration compared to the other hydrated
magnesium hydroxychloride structures (see section 5.1.2).
Extraction replicas from the Mg~3.5A1 alloy analysed by STEM 
have shown small amounts of A1 (see table 4. 10). XPS however has not
indicated the presence of AT^^, even after depth profiling. On other hand, 
the detection of aluminium on the extraction replicas can be attributed to 
the extraction of some material from the underlying alloy, especially from
the crack region (see EPMA analysis near the crack on corroded splat,
figures 4.26). Extraction replica techniques cannot discriminate such 
surface features. From these analyses hydrotalcite is confirmed to be absent on 
Mg-3. 5A1 alloy splats,.
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5.2 THE Mg~16Al ALLOY
The addition of aluminium to Mg-Al alloys at levels exceeding the 
equilibrium solid solubility of A1 in Mg has been possible by rapid 
quenching from the melt both in this work and in earlier experiments [643. 
Such high levels (>10wt%) of A1 have been reported to improve the corrosion 
resistance of Mg-Al alloys [23,57,643. The latter has also been confirmed 
in this work with the low perforation density of the Mg-16A1 alloy splats 
immersed in the saline solution as compared with the perforation density of 
the Mg-3.5A1 alloy splats (table 4.7 and figure 4.24). It has been 
suggested that the absence of the y- phase (Mgi-^Al-,could enhance the 
corrosion properties of Al— rich Mg— base alloys by eliminating any 
microgalvanic effects [93. However there has been no direct experimental 
evidence to substantiate this claim and indeed there are reports [443 that 
depending on the manner the y-phase is distributed in the matrix it could 
act as a corrosion barrier. Hehmann et al, [643 have suggested that the 
Improved corrosion resistance of RS Mg-(10-23wt%)Al alloys is due to the 
building up of a protective Al-enriched surface layer. No direct evidence 
about the existence of such a layer was produced.
It is very important to establish the mechanism by which A1 rich 
Mg base alloys are protected in a saline environment. Such an understanding 
could greatly assist future alloy design approaches and could also 
influence the alloy processing philosophy and practise. It is essential 
therefore to identify the chemistry and the crystal structure of the 
corrosion products formed on the surfaces of corroded Mg-36A1 alloys. In 
this work such a study has been undertaken by selecting experimental 
techniques which enable one to probe the alloy at different depths below
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the surface using the different depth and spatial resolutions required to 
determine the morphology, chemistry and structure of the corrosion 
products. The selected experimental techniques were given in table 4. 11.
The surface morphology of the Mg-16A1 alloy splats was similar to 
that reported earlier for the Mg-3. 5A1 alloy (see section 5,1.3). Hills and 
valleys could be easily identified on the surfaces together with some 
cracks and rifts (figure 4.9b). Again magnesium hydroxide and magnesium 
oxide were present on the surfaces of the Mg-16A1 alloy splats although the 
amount of magnesium oxide was less. The multielement maps (figure 4. 16b) 
showed the presence of a Mg-Al-0 compound on the surface. This is in 
agreement with earlier work in Mg-Al alloys [563 suggesting that the 
air-formed oxide has a layered structure composed of MgO/Mg-Al-oxlde/alloy 
with the oxide becoming thinner with increasing A1 content (see also 
section 2. 4. 2. 2). XPS confirmed the existence of Al®^, Mg®'^  and CO®®"" on
the surfaces of the splats (see figures 4.18 and 4.19). By XRD the presence 
of the MgAlgO^ spinel was confirmed on the as splat alloy (see table 4.4). 
The significance of this compound for the protection of the splats will be 
discussed below. XRD also suggested the possibility of hydromagnesite being 
present on the as splat alloy (see table 4.4). RBS analysis showed a very 
thin oxide compared to the Mg-3. 5A1 alloy splats (see figures 4.20 spectrum 
1 and 4.11c: spectra 1 and 2). This is complemented (indirectly) by the
X-AES spectrum (figure 4. 17b) which shows the metal component. A similar 
observation has been also made by Markar et al. C 1063 on RS Mg-Al binary 
alloy ribbons and can be attributed to high oxidation rates [643 (see 
section 5.1.1)
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5.2.1 INTERPRETATION OF DIFFRACTION PATTERNS (XRD AND SADP)
The lattice spacings corresponding to the XRD data of the 
corroded splats were compared with the lattice spacings of magnesium 
(alloy) and of the possible compounds Mg(OH)a (brucite), MgO (periclase) 
and 3MgC0®, MgC0H>2.. SH^O (hydromagnesite). The comparison allowed for an
experimental error of ±1% for the lower d spacings and of ±0.01 Â for the 
large d spacings. Using this method some of the experimental d values were 
not identified. Thus other compounds belonging to the pyroaurite-sjôgrenite 
group were also included in the Identification exercise. Compounds in this 
group were chosen since the work on the Mg-3. 5A1 alloy splats had shown 
that it is possible for them to form (tables 4.8 and 4.11). Table 4.13 
gives the results of the analysis of the XRD and SAD patterns.
The XRD patterns of the Mg-16A1 alloy splats corroded for 150 
minutes were compared with the accepted XRD data for the mineral 
hydrotalcite C 75] and with the XRD patterns reported by different workers 
[107-111] for synthetic hydrotalcite and manasseite. The basal diffraction 
at higher d spacing was not observed (see also below) due to the smearing 
of the weak intensity peaks by the strong intensity of the bulk alloy. The 
diffraction line corresponding to d=3. 738 Â was comparable to the (00.4) 
reflection (hexagonal indices) of the synthetic magnesium aluminium 
hydroxide compounds reported by Gastuche et, al. [108,109] (see table 
4.13). The value of c.^ was thus determined to be 7.82 Â. The non-basal XRD 
diffraction line at d- 2.675 Â was also observed for the splats corroded 
for 150 minutes and corresponds to the (10.0) planes. From this and after 
considering the (11.0) diffraction line (d= 1.53 Â) the value of a„ was 
found to be 3.06 Â. The XRD patterns were thus indexed on the basis of
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hexagonal cells with 3.06 Â and Co- n % 7.82 A (n being an integer).
The strong diffractions at d= 2,667 Â, 2.563 A and 2,417 A were Indexed as 
belonging to the <10.J> planes. The weak diffraction line at d- 5,215 A 
could not be indexed, (This diffraction line may be due to the disorder in
the system of interlayers (see below) which introduce certain strain in
the structure [131],
Unlike the XRD patterns, SADRf were taken from the corrosion 
products only. In the SADP's of the corrosion products extracted from
splats corroded for 1 day and 2 days, the basal spacing d= 7.838 A could be 
measured (figure 4.41c), The higher order diffractions could also be seen 
on the patterns of oriented flakes.
The XRD pattern of the splat corroded for 6 days had fewer
diffraction lines than after 150 minutes. The strong diffractions 
corresponding to the (10. i) planes were observed as in the splats corroded 
for 150 minutes. The non-basal diffraction line at d=l.32 A reported by 
Gastuche et al. [108, 109] was comparable to the (20.0) diffraction for the
splat corroded for 150 minutes and a^ was again calculated to be 3.06 A.
The value of 7.823 A was determined from the strong diffraction at 
d- 2. 549 A which is comparable to the (10. 2) diffraction line (on the XRD 
pattern) of mixtures of rhombohedral hydrotalcite and hexagonal manasseite.
5. 2. 2 STRUCTURE AND STRUCTURAL CHEMISTRY OF THE CORROSION PRODUCTS
The initial surface composition of the Mg-16A1 alloy splat is an
admixture of spinel in periclase (MgO) and brucite (Mg(OH);,). This is
evident from the XRD patterns (see table 4. 4) and the presence of Al®"" 
along with the 0®“, (OH)'" and C0®®“ ions on the surface of the splat as
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confirmed by XPS (see figures 4.18 and 4.19). The multielement maps of the 
splat surfaces have also shown the presence of a Mg-Al-O compound (figure 
4.16b). In nature the MgAl^O^ spinel occurs at high temperatures and 
formation of hydrothermal spinel occurs at about 365 *C [1123. Hence spinel 
formation on the surfaces of Mg~16Al alloy splats during the splatting 
process is envisaged. Also in nature Mg(OH>a (brucite) is the predominant 
phase rather than MgO (periclase) due to the rapidity with which the 
periclase hydrates to brucite when exposed to water and to hydromagnesite 
(SMgCO®. Mg(0H);2. 3HaO) in the presence of CO;, Cl 123.
The corrosion tests were carried out by immersion of splats in a 
saline environment of 3% NaCl solution saturated with magnesium hydroxide 
(pH= 10.5). Tlie presence of dissolved CO^ in the water is inevitable. The 
solution was maintained at room temperature (20*0 for the different 
immersion times. Such an environment is congenial for the formation of 
hydrotalcite/manasseite on the surfaces of Mg-Al alloys C1033. In the 
atmospheric corrosion of magnesium alloys containing aluminium (AZ31B) it 
has been found that aluminium ions in the surface film remain during 
weathering while magnesium ions are leached away. This concentration of 
aluminium in the film was greater on the rain washed skyward surfaces and 
was increased by a high level of atmospheric sulphur dioxide. The 
resistance of the aluminium content of the film towards dissolution has 
been considered as a probable reason for the improved resistance to 
weathering of magnesium when alloyed with aluminium C1033. <Stoffyn et al 
C1133 have reported neoformation of hydrotalcite due to maximum carbonate 
alkalinity, pH «11 and sodium concentration of the pore waters in marine 
sediments.
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The Al•“ rich compounds of the pyroaurite-sjôgrenite group are 
hydrotalcite and manasseite. The structural formula of these compounds Is 
[MgeAl;2 CCO3 . 4HaO] C 107-110]. The lattice constant is about 3 Â.
They differ only in the stacking mode of layers. Hydrotalcite has a
rhombohedral structure (R3ra) while manasseite is hexagonal CP/mmc), 
Manasseite is a high temperature phase while hydrotalcite is a low
temperature phase. In nature these minerals occur admixed [1143.
The corrosion products of b%-16Al alloy splats immersed in a 
saline environment resemble by structure and structural chemistry the 
natural minerals hydrotalcite and manasseite and also the synthetic
magnesium double hydroxides and hydroxychlorides described by Allmann [1073 
and Gastuche et al. £108,1093. The X-ray powder patterns reported in the 
literature [107-1113 for the synthetic hydroxycarbonate compounds show 
differences in lattice spacings even though the compounds have the same 
basic structure consisting of a partially disordered stacking of three 
dimenslonally regular unit layers. These differences can be attributed to 
the different Mg:Al ratios in the synthetic compounds and to compositional 
differences (eg. carbonate ion, chloride ions, nitrate ions etc.>. The unit 
cell dimensions determined in this work (tables 4.10 and 4.11) fall 
between the values reported for the natural and synthetic hydroxy 
carbonate compounds [107-1113. Figure 4.42 confirms this. The straight line 
la due to the Mg;0 ratio being constant over the immersion times. The slope 
of the plot represents the Mg: 0 ratio of 1:3.9. Other data with Mg: 0 ratio 
around 1: 4 lies on the line determined in this work.
According to Allmann [1073, by introducing trivalent ions Me®^ 
into brucite-like layers Me®'*-(OH) 3, layer ions [ Me®**-, „.^sMe®'*',«(0H)3 3='^'-*' can be
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obtained. Under the inineraloglcal classification such compounds belong to 
the pyroaurite-sjôgrenite type of compounds with random distribution of 
Me®’*’ and Me®’*'. Me®'*’ ions lie in a range 0.2 ( x ( 0.4. Between these
brucite layers the charge compensation of an O®*" ion by the metal ions is 
on average [l+<x/2>], leaving only a bond strength of Cl-(x/2)3 for the 0-H 
bond, i. e. the charge of H"*’ must be partly compensated by additional anions
X”. This is possible by forming hydrogen bonds O-H-'-'X or, with
interfering H^ O, 0-H'••OH-H*•*X. The additional anions and water molecules 
are forming interlayers [xX.nH#0]^- Interleaved between the brucite-like
main layers. The water molecules can be removed reversibly without 
destroying the double layer structure.
Table 4. 13 shows the occurrence of both hexagonal and 
rhombohedral polymorphs of the magnésium-aluminium double hydroxide which 
resemble hydrotalcite and manasseite. The appearance of either structural 
modification over brief periods of time during crystallisation may be a 
chance phenomenon involving a choice between closely related structures of 
essentially equal thermodynamic stability and also depends on the growth 
mechanism taking place on the surface of the splat. The polymorphism
presumably arises because of differences in the manner or period of 
stacking of hydroxide layers (i.e. OH cation -OH layers) along [00.13. A 
brucite-like arrangement almost certainly constitutes one of the layer 
motifs [114,1153. The spacing represents the thickness of unit layer (A 
sheet is one atomic thick; a layer is made up of several sheets, 
superimposed in some regular way to form a unit structure). A layer of this 
thickness is made up of three superimposed sheets of oxygen ( at this stage
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0®~, 0H“, CO®®- and HjaO are not distinguishable) with the successive sheets 
more or less close packed.
The content of the unit layer is consistent with a layer 
structure in which each layer is made up of three oxygen (or hydroxyl ions, 
etc. ). Two of these sheets, probably made of hydroxyls, are held together by 
the cations and form layers like those in brucite (Mg(OH)a) but having some 
of the Mg®"' replaced by Al®"-, This leads to positive charge on the
octahedral layers which is balanced by a sheet containing anions taken up 
between the layers. The aluminium is octahedrally co-ordinated as supported 
by the X-ray emission spectra reported in [109]. In this work the
octahedral co-ordination of aluminium is supported by the X-ray diffraction 
patterns which correspond to the (hk. 1) reflections reported by Brown and 
Gastuche C109].
5.3 PROPOSED GROWTH MECHANISM
5.3.1 INTRODUCTION
A growth mechanism which accounts for the formation of the above 
compounds should provide an explanation of the following experimental 
observations discussed in chapter 4, namely: (i) hydrogen evolution with
time, (ii) chlorine ion distribution with depth and time, (ill) the
increase in aluminium to magnesium ratio with time for the Mg-16A1 alloy 
splats and (iv) the extent of growth of the corrosion products. Below a 
growth mechanism is postulated which considers all these.
Hydrogen evolution was observed to be continuous on immersion of 
the Mg-3. 5A1 alloy splats in a 3% NaCl solution saturated with MgCOH)#. In
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the case of the Mg-10A1 and Mg~16Al alloy splats, hydrogen evolution 
occurred only for few minutes. In all three alloys the corrosion products 
were acicular. In addition voluminous corrosion products were observed on 
the Mg-3.5A1 alloy splats.
The surfaces of the as-splat alloys were microscopically rough 
and periclase and brucite were always present in the surface. Spinel was 
observed only on the surfaces of the Mg-10A1 alloy and Mg-16A1 alloy 
splats. The oxide/hydroxide present on the surface of the splats compete in 
the dissolution reactions involving the hydroxyl ions (high pH), water, 
carbonate ions (from dissolved carbon dioxide) and chloride ions, which are 
present in the corrosive environment. The dissolution reactions can be 
explained in terms of the isoelectric points of the oxides and hydroxides 
and the feasibility of a chemical reaction at the surface of the splat. (At 
the isoelectric point [116] the pH is such that there is no net charge and 
the molecule or compound is neutral overall).
5.3. 2 FEASIBILITY OF CORROSION REACTIONS
H"-, (OH)" and hydroxy complexes present in the solution play
important roles in establishing the surface charge. The isoelectric points 
of magnesium oxide and hydroxide lie approximately in the region of pH 12 
[116]. In a solution with pH 10.5, as in this study, magnesium oxide and 
hydroxide on the surface will be more basic to the solution. MgO will 
hydrolyse in this environment in the presence of water to form brucite, 
Mg(OH);£, which accommodates water in its structure as bonded water [132]. 
Aluminium oxide has a isoelectric point around pH 9 which is acidic to the 
solution and will neutralise in a basic solution. On the basis of the
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isoelectric points of MgO and Al^Og, the spinel dissociates to AIO3®" and 
Mg®*". The free energies of formation concerning the dissolution of the 
oxides and base metal and the formation of hydroxides are given below.
NgAl^O.^ -) Mg®-*- + 2A10-;a 
2A10=" + 4HaO + Mg®"- 4 2A1 (0H>3 + MgCOH)^ AG= -24.78 kJ (-5.92 Kcal)
MgAl^ O.,. + 4HaO 4 ZAICOH)® + Mg (OH) 3
MgO + H2O 4 Mg(OH) 3 AG= -27.00 kJ (-6.45 Kcal)
Mg 4 Mg®"- + 2e“ AG= -456.23 kJ (-108.99 Kcal)
A1 4 Al®-*- + 3e- AG= -481.39 kJ (-115.0 Kcal)
2H"- + 2e~ 4 H3
H+ + (OH)- 4 H2O AG= -75.75 kJ (-18.09 Kcal)
In the presence of sufficiently alkaline solutions aluminium and 
aluminium oxide decompose water (with the evolution of hydrogen) by 
dissolving as aluminate ions AlO^- 11173. The formation of AlO:^ " is
feasible as the solubility of aluminium oxide in alkaline solution is given
by Cl 173;
A1=0@ + H:aO 4 2AIO3- + 2H+,
(Log (2A10=-) = -14.6 + pH)
The aluminate ions on the surface of the splat undergo hydrolysis 
to form aluminium hydroxide.
Stability of the hydroxychloride Mg (OH)Cl in between pH 2 to 7 
has been suggested in [1013. Thus its formation is possible in the acidic
environment of a pit (see also section 5.1.2). In the presence of excess
hydroxyl ions the hydroxychloride dissociates to form hydroxide.
Mg (OH)"- + Cl- 4 Mg (OH)Cl AG= 27.00 kJ (6.45 Kcal)
Mg(OH)Cl + OH" 4 Mg(OH)a + Cl" AG= -75.45 kJ (-18.02 Kcal)
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Hydration of MgO to MgCOH)^ is also rapid. Mg (OH);, is 
thermodynamically more stable than MgO in the presence of water C 117] and 
the reaction Is MgO + H^ jO 4 Mg(OH)s* Bradford et al. C 105] used 
isotopically labelled water (H^'^O) and showed that hydration of the oxide 
films on Magnox alloys appears to take place in two stages:
Mg'^O + Ha'eO 4 MgC’^ OH) C®OH)
Mg(iso)(i®0) + H='*0 4 Mg(T®OH)a + H^'^O
Complete equilibrium of the hydration oxide in solutions of 
pH ) 11.5 was reported to be slow but possible. The hydrated oxide permits 
access to the metal and the corrosion process is Mg 4 Mg®"* + 2e“. The 
results of the study using the Magnox AL80 alloy in Ha^^O enriched water 
[105], have shown that magnesium hydroxide, which is highly permeable to 
solution, is formed at the metal/film interface. Kinetic studies in basic 
solutions have also shown that the corrosion rates are insensitive to the 
concentration of hydroxyl ion and hence the primary reactant is probably 
the water molecule itself. Bradford et al. [105] have concluded that the 
hydroxide corrosion product is permeable (and probably micro-porous), and 
that reaction between metal and water occurs at, or very close to, the 
metal surface.
Carbon dioxide (00%), carbonic acid (HaCO#) and carbonates CO3®- 
and HCO3- are thermodynamically stable in the presence of water and aqueous 
solutions, both in the presence of oxygen and oxidising agents [117]. In 
an alkaline solution with pH «10.5 (as in our case) the carbonate ions are 
in solution:
HCO3" 4 CO3®- + H"
{Log [ (C0 3®-)/(Ho,;j3~)] = -10.34 + pH)
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Bradford et al. C1053 have observed carbonate or hydroxy- 
carbonate in the corrosion products in the specimens corroded in solutions 
containing carbonate ions.
5. 3. 3 INITIAL STAGES OF THE CORROSION MECHANISM
The isoelectric points of the oxides and hydroxide on the surface 
of the splats can be used to explain initiation of the hydration of the 
oxides. The hydration of the oxides (magnesium oxide and spinel) causes 
conversion of the cubic oxide to the hexagonal magnesium hydroxide, with a 
volume over twice that of the original phase (MgO). This leads to
considerable disruption of the film and regions of charge instability are
formed. The chlorine ions, adsorbed on the surface hydroxide, replace the
hydroxyl ion due to similarity of charge and the supersaturation of
hydroxyl ion in the surroundings (see section 5.1.3). The carbonate ions 
assume positions with water to neutralise the charge imbalance near the 
regions where the spinel and/or MgO decomposed to hydroxides. Thus the
formation of a hydrotalcite or hydromagnesite type of structure depends 
upon the amount of trivalent metal ion present. The chlorine ions diffuse 
into the interlayers which consist of hydroxyl ions, water and carbonate 
ions (see section 5.1.3). The carbonate ions can diffuse only through the 
interlayer as they are large by volume and the charge balance does not
account for a substitution with the hydroxyl ions. On the other hand the
chlorine ions, though of a larger size than the hydroxyl ions, have the
same charge and can move through interlayers and stacking faults created by 
the growth of the hydromagnesite and hydrotalcite crystals.
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5. 3. 4 DISSOLUTION OF THE BASE METAL
At all pH's magnesium has a very great affinity to react with 
water, which it reduces to Mg^’^ with the evolution of hydrogen. At pH's 
above 8, 5 and up to 10.5 it can cover itself with more or less protective 
oxide or hydroxide which checks the dissolution reaction [1173. Dissolution 
of magnesium is controlled here by evolution of hydrogen. This was observed 
in all the Mg-Al alloy splats. Furthermore, evolution of hydrogen need not 
necessarily be by Mg 4 Mg=^ + 2e“ but also by A1 in the alloy undergoing 
charge transfer from A1 4 Al®*** + 3e", When magnesium is coupled to a more 
noble metal, like A1 in our case, the electrical tension is sufficient to 
push out Mg atoms into solution (discussion on Hoey and Cohen [863 by 
Higgins [1193). The kinetics of formation of hydrotalcite/manasseite is 
then slow as compared to the formation of hydromagnesite (table 4. 10 and 
figure 4.42). The hydrogen evolution in the Mg-10A1 and Mg-16A1 alloy 
splats ceased after few minutes as the hydrogen produced in the process of 
the base metal reduction reacted with the hydroxyl ions in the interlayers 
and formed water which is bonded in the interlayer of the doublé hydroxide. 
The influx of hydroxyl ions through the interlayer determines the evolution 
of hydrogen.
5. 3. 5 ROLE OF CHLORINE IN THE CORROSION MECHANISM
In the RBS spectrum of the corroded splats (figures 4. 11c 
spectrum 3 and 4.20: spectrum 2), the backscattering yield after the
chlorine edge decreased with channel number. The decrease of chlorine with 
depth was also observed by XPS depth profiling in the Mg-3. 5A1 alloy as 
well as in the Mg-16A1 alloy corroded for 150 minutes and is because of Cl
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concentration variation due to the rough surface morphology of the 
corrosion products. The decrease of Cl with depth which was observed during 
the earlier stages <150 minutes) of immersion for the Mg-16A1 alloy splats 
reached a plateau after longer immersion times (two days) (figure 4.20 
spectrum 3), thus suggesting uniform concentration of chlorine with depth. 
This was also observed in the Mg-3. 5A1 alloy splats Immersed for 10 hours 
(figure 4.36) but with a high concentration of chlorine on the surface. RBS 
analysis of the Mg-16A1 alloy splats corroded for 2 days (see figure 4.20 
spectrum 3) shows a Mg: 0 ratio is 1:2.5 and a uniform chlorine 
concentration with depth with a Mg: Cl ratio 10:1 which is similar to the 
Mg-3.5A1 alloy splat corroded for 10 hours. An approximate stoichiometric 
composition is MgioO^aCl without considering Al, H (from the OH and H^O) 
and C (from CO^^-). SADP and EDX analyses of the corrosion products have 
indicated the presence of a double hydroxide of Mg and Al with the 
structure of the pyroaurite-sjdgrenite group of compounds with chlorine and 
carbonate ions (see figures 4,39, 4.41 and 4.42, and table 4.13) in the
interlayers. From the results of the RBS, XPS and EDX analysis it Is 
concluded that the chlorine ion acts as a charge balancing species.
The carbonate ion cannot diffuse further due to its size and 
remains generally on the surface of the corrosion products. Chlorine ions 
have similar electronegativity as hydroxyl ions and hence chlorine plays an 
important role as charge balancing species for the double hydroxide brucite 
structure. Occupation of chlorine in specific positions in the corrosion 
products i.e. , between the interlayers of the double hydroxide structure, 
can be inferred from the RBS analysis which shows uniform chlorine 
concentration with depth in the Mg-lGAl alloys. In this case, the base
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metal reaction with water Is slow. This could be attributed to different 
free energies of formation of the double hydroxide and Mg(OH)a. Thus the 
interface between the metal and the corrosion products moves faster in the 
Mg-3.5A1 alloy splats than in the Mg~10Al alloy and Mg-16A1 alloy splats.
5.3.6 GROWTH OF THE CORROSION PRODUCTS
The surface oxide of the Mg-16A1 alloy splats is thin (10-50nra) 
and graded, and there is no sharp interface between the metal and surface 
oxide/hydroxide. RBS analysis has shown that the thickness of the corrosion
products formed on the surface of the Mg-3. 5A1 alloy splats immersed for
150 minutes is greater as compared to the %-16Al alloy splats immersed for 
2 days. The growth of the corrosion products is constrained by either 
formation of the hydrotalcite/manasseite type of structure, which allows 
charge balance of the interlayer structure containing Al®'**, or the
hydrolysis of the base metal containing Al. In the latter case the
formation of trivalent Ions on oxidation rejects excess Mg^"*' ions into 
solution to maintain the charge balance between the hydroxyl ions and the 
Mg®*** and Al®*** ions. Mg®"** further hydrolyses to form Mg(OH)a. The hydroxide 
formed is within the defect structure and hence there is no noticeable 
change in the thickness of the corrosion product. At the Interface between 
the metal and corrosion products, the hydrotalcite/manasseite structure, 
which is hexagonal, grades into the hexagonal Mg.
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5.4 THE EFFECTS OF ALUMINIUM ADDITIONS IN RAPIDLY SOLIDIFIED Mg-Al ALLOYS 
ON THE STRUCTURE AMD STRUCTURAL CHEMISTRY OF THE SURFACES.
A variety of analytical techniques have enabled us to study the 
corrosion of RS Mg-Al alloys using an approach which is different from 
those reported earlier in the literature. Although ex-situ methods of 
analysis were used, the results are complimentary to each other and have 
confirmed certain findings.
In the as-splat condition the surface morphology for all the 
alloys was similar (figure 4.9a, b) and MgO and Mg(OH)a were always present. 
Carbonate ion was detected in those splats that were not carefully handled 
or exposed to the atmosphere for a longer period of time, Aluminium ions on 
the surface were present in the more concentrated alloys, the Mg-10A1 and 
Mg-16A1 alloys. The surface aluminium content was higher in the Mg-16A1 
alloy.
The corrosive solution (3% NaCl saturated with Mg(OH)%> contained 
dissolved carbonate ions. The surface oxide dissolved in the basic solution 
to form hydroxides. XRD analysis of Mg-3. 5A1 alloy splats immersed for 150 
minutes in the basic saline solution revealed only the presence of brucite. 
However TEM analysis of the extracted corrosion products confirmed the 
presence of hydromagnesite in excess of brucite (table 4.8). In the SADP of 
the corrosion products from the Mg-3. 5A1 alloy splats the two unidentified 
lines (lines 5 and 7 in table 4.8) belong to the compounds of pyroaurite- 
sjbgrenite group with 3.085 Â and c^ ,= 15.704 A (hexagonal) and 23.556 A 
(rhombohedral). When corroded for 400 minutes hydromagnesite and brucite
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were detected by XRD analysis. The thickness of the corrosion products 
Increased with time indicating a definite attack of the base metal.
The growth of the corrosion products on Mg~16Al alloy splats was 
very slow compared with the Mg-10A1 and Mg-3. 5A1 alloy splats. The Al 
concentration of the corrosion products on the Mg-16A1 alloy splats 
increased with time as shown in table 4. 10 and figure 4,42. Al®'*’ ions were 
present in the surface of the as-splat alloy in the form of the magnesium 
spinel and helped to arrest the chlorine ions, carbonate ions and water 
which act as the charge balancing species in the brucite interlayers. The 
Al®’*' ions controlled the mass transport of water and chlorine ions through 
the interlayers, The anchoring of water molecules in the interlayers 
reduced the probability of attack of the base metal. This led to constant 
chlorine ion concentration with depth and time and minimised the growth 
rate of the corrosion products by formation of pyroaurite-sjbgrenite type 
of compounds on the surfaces of the Al rich Mg-Al alloy splats, The 
cessation of hydrogen gas is attributed to the hydrogen ion reacting with 
the hydroxyl ion in the interlayer to form water. This water molecule 
immediately changes its role to become bonded water of the double hydroxide 
structure.
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CHAPTER VI
IMPLICATIONS FOR THE DESIGN OF Mg ALLOYS
The results of this study indicate that the protection of the
Mg-16A1 alloy upon exposure to a saline environment is due to the build up
of a particular family of compounds as surface films. These are hexagonal 
or rhombohedral in structure with the a^ lattice parameter closely related 
to that of Mg and include in order of their appearance Mg (OH) 3,1 MgAlaO*, 
hydromagnesite and hydrotalcite. In general several metal corrosion 
products have structures which are related to those of the pyroaurite- 
sjogrenite group of minerals [104,1203, For their formation it is necessary 
to bring together appropriate divalent and trivalent cations in the 
presence of water at a suitable pH and anions that are present are liable 
to be Incorporated into the structure. Thus in designing alloy 
compositions which are liable to give in situ protective surface films it 
is important to consider those alloying elements which can give compounds 
with the appropriate surface structure and chemistry before and after 
exposure to the corrosive environment,
MgO, Mg (OH) and the MgAl^ O^  ^ spinel are present on the surfaces
of the as splat alloy. Spinels are a group of double oxides of the general
formula AB^O^ where A represents a divalent ion (Mg®'" in our case) and B 
represents a trivalent ion (Al®+ in our case). Spinels can be more 
correctly referred to as AOnB^O# since significant deviations from 
equimolarity are often found. In the Mg-Al spinel * n' depends on the 
temperature of formation and on oxygen potential. In our case n=l although 
n can vary between 1 and 3. 5, The spinel group occupies the cubic FdSm 
space group and has been analysed by Bragg [1213. The structure has anions
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in nearly cubic close packing with cations occupying both tetrahedral and 
octahedral Interstices, The unit cell is composed of 8 C and in the
MgAljsO^ . spinel eight tetrahedral interstices and 16 octahedral interstices 
are filled by Mg and Al ions respectively,
Hydrotalcite Is an alteration product of the MgAlzO^ . spinel. In
nature the MgAl^O^ spinel and hydrotalcite never exist together as a 
stable form, When equilibrium is established the spinel changes completely 
to hydrotalcite. In some cases the hydrotalcite has been noted to form as 
pseudomorphs after the formation of the spinel. According to Roy et al. 
C1123 in the presence of excess water and moderate CO^ pressures magnesite 
(MgCOg) is stable at high temperatures, hydrotalcite is stable below 325 ’C 
and hydromagnesite below 185 *C, Hydrotalcite both natural and synthetic 
decomposes above 325 *C Cl123. Large crystals of synthetic hydrotalcite 
have never been grown E112, 1143.
The structure of hydrotalcite is based on brucite like layers 
which are alternating with layers (also referred to as the interlayers, see 
also section 5.2.2) containing all the CO3®- ions and molecules. The
cation sites in the brucite layers are occupied by octahedrally 
co-ordinated divalent and trivalent cations . Many synthetic phases have 
been produced with a structure similar to that of hydrotalcite. In these 
compounds, which have layer structures with layers 7. 5-8Â thick, the 
trivalent cations are Mn, Co, Fe and Ni and the interlayer anions Cl" and 
CO3®". The substitution of trivalent for divalent metal cations leads to a 
positive charge on the brucite like layer. This charge is balanced by the
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anions with water molecules occupying some or all the sites remaining 
unoccupied by anions.
The interlayer water molecules are easily removed without 
disrupting the structure. The upper limit of substitution of trivalent for 
divalent cations is one trivalent to two divalent cations. This is set by 
the balance of forces between cation-cation repulsion across shared 
octahedral edges, anion - anion repulsion along the shared edges and 
cation-anion bonds within octahedra [1223. Because M®'-OH bonds are shorter 
than M®*-OH bonds, increasing substitution of trivalent for divalent 
cations causes a decrease in the a^ lattice parameter of the brucite like 
layer which, being the most strongly bonded part of the structure, 
controls the dimensions of the whole structure. Differences in basal 
Bpacings result from changes in attractive forces caused by changes in the 
amount of trivalent for divalent substitution. Large amounts of 
substitution will give smaller basal spacings (interlayer contains OH", 
CO3®") but larger interlayer anions (like Cl") will increase the basal 
spacing.
In considering possible trivalent cations substituting for the 
divalent Mg®-*' cations the size of the ionic radii is also very important. 
Candidate solute elements for Mg alloys with ionic radii very close to the 
ionic radius of Al (=0. 51Â) are P (=0. 44Â) and in order of increasing 
ionic radius, Ga (=0. 62À), Co (=0. 63Â), Cr (=0. 63Â), Fe (=0.64Â), Mn 
(=0, 66Â) and Ni (-0. 69A). It has been noted C 1233 that for Fe®"*' the rate 
of the reaction leading to the formation of synthetic pyroaurite was 
decreased. In fact Mg-Fe and Mg-Ni alloys are known to exhibit very high 
corrosion rates [693. On the other hand Mg-Mn alloys have improved
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corrosion properties C69], The presence of Mn ions on the surfaces of RS 
Mg-Mn alloys has been already confirmed in our laboratory, From the
remaining elements F and Ga have been identified as promising elemental 
additions for improving the corrosion resistance of Mg base alloys by the 
in situ formation of protective films C563. The corrosion properties of 
Mg-Co and Mg-Cr alloys are not known. These systems are worth further 
investigation. Other candidate alloying elements with ionic radii exceeding 
the radius of Al are V (=0. 74Â), Ti (=0. 76À), Y (=0. 92Â), Bi <=0. 96Â),
Gd (=0.97Â), Nd <=1.04Â), Ce (=1.07Â). V, Ti and Y have been Identified
[563 as promising candidates for the in situ formation of passive films. 
Pseudopassivation has also been reported E 1243 for RS Mg-Nd and Mg-Y 
alloys. Surface analysis of commercial alloys containing Al (AZ91) and Y 
(WE54) have shown incorporation and distribution of additional elements 
within the oxide on oxidation E623. In the Mg-Nd alloys the onset of
pseudopassivation was accompanied by an enrichment of the surface in Nd. 
Corrosion properties similar to those of Mg-Nd and Mg-Y alloys have been 
measured for Mg-Bi and Mg-Ce alloys E1253. Ce has also been Identified as a 
promising alloying addition for improved corrosion properties.
Thus almost all the alloying elements which have been identified 
as potential candidates for improving the corrosion resistance of Mg base 
alloys could also, at least in principle, contribute towards the formation 
of double layered hydroxy carbonate/chloride brucite corrosion products 
belonging to the pyroaurite-sjbgrenite group of compounds. To this effect 
it would be interesting to characterise the surfaces of Mg-RE <RE=Ce,Y, Nd) 
alloys and also to study the corrosion behaviour of the Mg-X (X=P, Cr, Co) 
alloys. There is however one further possibility in designing alloy
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compositions to give in situ formation of protective surface films. This 
involves the growth of compounds of the type described above with two 
trivalent cations substituting for the divalent Mg cations. There is 
already some experimental evidence suggesting that reduced dissolution 
rates result when alloying Mg-(5wt% or 10wt%)Al alloys with Mn, Ce and Nd 
ternary additions C1263. To our knowledge, there is no experimental data 
about the formation of synthetic mixed magnesium - aluminium - trivalent 
cation hydroxides.
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CHAPTER VII 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
7. 1 CONCLUSIONS
This study has achieved its objective which was to establish a 
relation between the solute content and the corrosion resistance of Mg-Al 
alloys and in particular to understand the structure and chemistry of the 
corrosion products that form on the surfaces of RS Mg-Al alloys when 
immersed in 3% NaCl solution saturated with MgCOH)^ at room temperature 
(20°C). Splats of three alloys were studied with solute levels at 3. 5, 10
and 16 wt. % Al. The microstructure of all three alloys was a solid solution 
thus eliminating the role of the second phase Mg, ^ Ali^ in their corrosion.
In all alloy splats magnesium hydroxide (brucite) and magnesium 
oxide (periclase) were present on the surface and the former depleted with 
depth. Al®-" ions were present in the Mg-10A1 and Mg-16A1 alloy splats as 
magnesium spinel. The thickness of the admixture of oxide and hydroxide was 
greater for the Mg-3. 5A1 alloy splats (200nm) as compared with the Mg-16A1 
alloy splats (50nm). The hydroxide thickness in the Mg-3. 5A1 alloy splats 
varied from 100 to 200 nm. Cracks and rifts on the surface of the splats 
and porosity within the splats were observed in all three alloys. The 
thickness of the oxide/hydroxide layers on the surface of the splats was 
targer than expected, bearing in mind the careful specimen transfer 
protocol observed. This indicates the extreme care that is necessary when 
handling RS products (eg. splats, powders, ribbons, etc.> prior to the 
fabrication of components.
The corrosion resistance of the alloys increased with increasing 
Al content. Perforation of the splats occurred after 150 minutes for the
-192-
Mg-3.5Al alloy with a very high perforation density indicating high 
corrosion attack. In the Mg-16Al alloy splats, perforation occurred after 
2-3 days, in some cases after 6 days, and the perforation density was very
low. Perforation times and density of the I%-10A1 alloy splats were
intermediate. Perforation was observed irrespective of the presence of 
surface cracks.
The corrosion products had acicular and voluminous morphologies 
in the Mg-3.5A1 alloy. In the Mg-10A1 and Mg-16A1 alloys the corrosion
products were mostly acicular. The thickness of the corrosion products for 
splats Immersed for 150 minutes was 600nm for the Mg-3. 5A1 alloy and 100 nm 
for the Mg-16 Al alloy. The thickness of the corrosion products did not
change appreciably with time of immersion for the Mg-16 Al alloy splats and 
was 160 nm even after 2 days.
Chlorine ions are instrumental for the perforation of the
splats. Perforation is attributed to the formation of local anodic and 
cathodic areas due to surface non-uniformity (roughness), porosity and
variable oxide/hydroxide film thickness. Mg(OH)Cl is envisaged to be an 
intermediate reaction product in the perforation process and to decompose 
to Mg(OH)%.
The presence of Al®’" ions on the surface of Mg-Al alloy splats 
is considered to be responsible for their improved corrosion resistance. 
The AT®* ions were detected in the surface only when the solute content
exceeded 10 wt. % Al. The Al®’" ions anchor the growth of the corrosion
product and inhibit water to react with the base metal. The corrosion 
product is acicular and is formed from disruption of the overlying brucite
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structure by hydrogen evolution from the reaction of the base metal with 
water. Hydrogen evolution subsided with increasing Al content in the alloy. 
The AT®* ions on the surface are incorporated in a corrosion product 
belonging to the pyroaurlte-sjbgrenlte type of compounds accommodating Mg 
and Al ions at a ratio of Mg®*: AT®*: 3:1. This corrosion product has a 
hexagonal/rhombohedral structure and is an alternate product of brucite. 
The carbonate, chlorine ions and water from the corrosive environment 
behave as charge balancing species in the interlayers of the brucite 
structure. This hydroxy--carbonate structure is envisaged to be the 
desirable one for the design of corrosion resistant magnesium alloys. 
Alloying element selected as possible trivalent cations substituting for 
Al®* in the hydroxy carbonate structure are in excellent agreement with 
those selected from other studies on the development of corrosion resistant 
Mg alloys.
7. 2 SUGGESTIONS FOR FUTURE WORK
In this study it has been concluded that AT®* ions on the surface 
of RS binary Mg-Al alloys control their corrosion resistance. The double 
hydroxide corrosion product which belongs to the pyroaurite-sjôgrenite 
group of compounds is proposed as the model corrosion product controlling 
the corrosion resistance of magnesium alloys.
Solute element in the alloy which have an oxidation state of 
Me®* are the obvious choice for verifying the presence of such compounds on 
other corrosion resistant Mg alloys. Such elements have already been 
selected in chapter 6 and it is suggested that future work concentrates on 
these alloys. However, it is essential that such elements are present in
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the surface, prior to corrosion, at a certain minimum concentration. 
Experimental data about the minimum bulk solute composition needed to 
manifest Me®* ions on the surface is available only for Al®* in Mg-Al 
alloys. Creation of such a data bank selected for the solute elements in 
chapter 6 becomes essential for the design of new corrosion resistant Mg 
alloys. Such studies should use ex-situ analytical techniques in 
conjunction with electrochemical studies in order to determine the 
universality of the protective nature of a double hydroxide corrosion 
product in Mg alloys. The effect of processing conditions and heat- 
treatment on the existence of Me®* on the surface should also be 
investigated. Mg-Al-X alloys, where X is a solute which has an oxidation 
state of Me®*, should be studied once the data from the investigation on 
binary alloys becomes available, keeping in perspective the synergistic 
effects of the surface solute ions in the formation of the corrosion 
products.
The effect of second phases (including the y~ phase (MgiyAl,a) in 
Mg-Al alloys) on pit initiation and growth/morphology of the corrosion 
products should be investigated using ex-situ methods to determine the 
corrosion mechanism and the nature of the corrosion products. This will 
improve our understanding of micro-galvanic corrosion in Mg alloys.
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APPENDIX Al
CHEMICAL COMPOSITIONS OF MAGNESIUM ALLOYS <ASTM)
Identity
A
C
E
E
K
H
L
M
Qwz
Element
Aluminium 
Copper 
Cerium MM 
NdMM
Zirconium
Thorium
Lithium
Manganese
Silver
Yttrium
Zinc
Example
AZ91
ZCM711
HK31/32
QE22
ZK61
HK331
LA141
Ml
QE22
WE54
ZCM711
ALLOY
Al Zn Zr
AKll 1 0 . 6
AMZlll 1 1 1
AZ21A 2 0 . 1 1
AZ31 3 0 . 2 1
AZ61 6 0 . 2 1
AZ80 8 . 5 0. 1 0. 5
AZ81 8 . 5 0. 3 0. 7
AZ91 10 0. 3 0. 7
EZ33 0. 15 2. 5 0. 7 3. 5
HK31 0. 7
HK32 2. 1 0. 7LA141
Ml 1, 2
Ml 1. 5
QE22 0. 15 0 . 2 0. 6 2NdI
WE54 0. 5 3. 5
ZCM711 0. 7 6 . 5
ZE41 0. 15 4 0. 7 1. 5
ZH62 0. 15 5. 5 0. 7 0 . 1
ZK10 1 0. 7
ZK60 0 . 02 0. 15 6 0. 7
ZK51 0. 15 4 0. 7
ZK60A 1 0. 5
ZK60B 6 0. 6
ZK61 6 0. 8
ZK62 2 6 0. 5
COMPOSITION
<wt.%>
RE Th
3. 2 
3. 2
Ag Si Cu Ni 
max. max. max.
Fe Other 
max. Imp. 
max.
0. 2Ca
0. 01 0. 03 0. 005 0, 01 
0. 01 0. 03 0 . 005 0. 01 
0. 05 0. 03 0. 005 0. 03 
0. 2 0. 15 0. 01 0. 03 0. ISn
0. 2 0. 15 0. 01 0 . 03 0. ISn
0. 01 0. 03 0. 005
2. 5 0. 01 0. 03 0 . 005
1. 2Cu 
0. 01 0. 03 0. 005 
0. 01 0. 03 0. 005
0. 01 0. 03 0. 005 
0. 01 0, 03 0. 005
0.01 —
0. ICa
0. 01
5. 25Y
0 . 01 
0 . 01
0. 01 
0 . 1
Al. 1
APPENDIX A3
PREPARATION OF THIN FOILS OF MG-AL ALLOY BY THE WINDOW METHOD 
SOLUTIONS;
1. Thinning Solution: Concentrated ortho-phosphoric acid (85% HgPO^) 
maintained between 20°-80'C.
2. Rinse Solution: Pure ethyl alcohol (ethanol).
3. Dip Rinse Solution: 20g anhydrous citric acid dissolved into 500ml of 
pure ethyl alcohol.
4. Final Rinse; Pure ethyl alcohol.
Solutions 1 and 2 are agitated by magnetic stirrers, and stirred to form 
moderate vortex.
PR(X)EDURE:
A. Immerse masked foil completely into 250ml beaker of solution 1, allowing 
the foil to swirl freely in solution until half the window is consumed.
B. Transfer the foil to a 250ml beaker of agitating solution 2 by means of 
plastic forceps, and hold the foil submerged until all attack by phosphoric 
acid has ceased
C. Transfer the foil from the ethyl alcohol rinse to a beaker filled with 
solution 3 and agitate for 4 to 6 seconds.
D. Transfer the foil to solution 4, agitate for 10 seconds or more, then 
immediately dry the foil between filter papers.
A3. 1
APPENDIX A3.
Polishing
Lubricant
Pressure
(Newtons)
Speed (rpm)
Time (sec. )
320
POLISHING PROCEDURE FOR MAGNESIUM 
USING STRUERS PLAN0PLEX-2
Paper I Cloth
(SIC) (Struers-mol)
500 1000 4000 I 3pm 1pm
water water water water
60
300
60
60 60
300 300
60 60
60
300
60
RED RED 
(Struers)
120 60
OP-S
1; 20 dil. 
60
150 150 150
120 120 15
A3.. 1
APPENDIX A4
C O M P U T E R  P R O G R A M  F O R  C O M P A R I N G  T H E  *d* S P A C I N G S  
S T A N D A R D  J C P D S  F I L E S  A N D  E X P E R I M E N T A L .
U N I V E R S I T Y  O F  S H E F F I E L D  P A S C A L  C O M P I L E R  ( 4 . 0 . 9 )  O N  0 3 / 1 1 / 9 0  
A T  1 4 : 4 1 :2 3
O p t i o n s  c h o s e n  : 3 2 1  w i t h  C h e c k s ,  B i g ,  B u f f e r e d  i n p u t  f r o m  T T Y
1 P R O G R A M  X R D ( I N P U T ,  O U T P U T ) ;
2 l a b e l  9 9 , 9 9 9 ;
3 c o n s t  P I = 3 . 1 4 1 5 9 2 7 ;
4 t y p e  a a  = p a c k e d  a r r a y  [ 1 . . 1 0 0 ]  o f  r e a l ;
5 c c  = a r r a y  [ 1 . . 5 0 ]  o f  t e x t ;
6 d d  = a r r a y  [ 1 . . 5 0 ]  o f  s t r i n g [ 6 ] ;
7 e e  = p a c k e d  a r r a y  [ 1 . . 1 0 0 , 1 . . 1 0 0 ]  o f  i n t e g e r ;
8 i n p u t d a t a =  r e c o r d
9 l a m b d a : r e a l ;
1 0  c : r e a l ;
11 p e r c e n t  :r e a l ;
1 2  d a t e  : s t r i n g [ 1 2 ] ;
1 3  e n d ;
1 4  d a t a -  r e c o r d
1 5  t h e t a i a a ;
1 6  d s p a c e i a a ;
1 7  e n d ;
1 8  o u t p u t d a t a =  r e c o r d
1 9  e r : a a ;
2 0  e x p i a a ;
21 s t d i a a ;
2 2  e n d ;
2 3  c m p =  r e c o r d
2 4  s d ; a a ;
2 5  e n d ;
2 6
2 7  v a r  i d : i n p u t d a t a ;  d a : d a t a ;  c m : c m p ;  a , b , c : r e a l ;
2 8  n o  f i l e ,n o  s t d  d a t a ,p r o c e s s i f i l e  n o ,
n o  d a t a  f i l e s , c h o i c e , n o  e x p  d a t a : i n t e g e r ;
2 9  a n s w e r : ( N O ) ;  p r e f e r _ s u m r e s , p e r c t ,  
r e l a t e ,t e r m i n a t e  : c h a r ;
3 0  f i l e s u m r e s ,  f i l e i n ,  f i l e o u t : s t r i n g ! 1 2 ] ;  f i n : c c ;
31 c o m m e n t  : s t r i n g [ 8 0 ] ;
3 2
3 3  { * * p r o c e d u r e  " R E A D _ I N _ D A T A "  r e a d s  t h e  d a t a  f r o m  t h e
t e r m i n a l  a n d  e x p e c t s  t h e  t o t a l  n u m b e r  o f  i n p u t  d a t a .
3 4  T h e  i n p u t  d a t a  i s  i n  t h e  f o r m  o f  t w o  t h e t a
3 5
3 6  P R O C E D U R E  R E A D _ I N _ D A T A ;
3 7  v a r  i : i n t e g e r ;
3 8  0 0 1 0 0 0  b e g i n
3 9  0 0 1 0 2 2  w r i t e l n ( 't o t a l  n u m b e r  o f  r e a d i n g s ’ );
4 0  0 0 1 0 4 0  r e a d l n (n o _ _ e x p _ d a t a ) ;
41 0 0 1 0 6 4  w r i t e l n ( ’i n p u t  a n g l e s  i n  2 t h e t a  ');
4 2  0 0 1 1 0 2  f o r  i := 1 t o  n o  e x p d a t a  d o  b e g i n
4 3  0 0 1 1 1 5  r e a d l n (d a . t h e t a [ i ] );
4 4  e n d ;
A4. 1
4 5
4 6
4 7
4 8
4 9
5 0
51
5 2
5 3
5 4
5 5
5 6
5 7
5 8
5 9
6 0  
61 
6 2
6 3
6 4
6 566
6 768
6 9
7 0
end;
{ * * p r o c e d u r e  " R E A D _ I N _ D A T A F I L E "  r e a d s  t h e  d a t a  f r o m  t h e  
d a t a  f i l e  c o n t a i n i n g  t h e  t w o  t h e t a  v a l u e s  a n d  e x p e c t s  
t h e  n a m e  o f  i n p u t  d a t a f i l e .  T h e  i n p u t  d a t a  i s  i n  t h e  
f o r m  o f  t w o  t h e t a  ( 2 8 ,  i n  d e g r e e s )  * * }
P R O C E D U R E  R E A D _ _ I N _ D A T A F I L E ;
0 0 1 2 0 3  b e g i n
0 0 1 2 1 5  n o _ e x p _ _ d a t a  : = 0 ;
0 0 1 2 1 7  w h i l e  n o t  e o f ( f i n [ 1 ] )  d o  b e g i n
0 0 1 2 3 2  n o  e x p  d a t a := n o _ e x p _ d a t a + 1 ;
0 0 1 2 3 7  r e a d l n (f i n [ 1 ] , d a .t h e t a [n o _ e x p _ d a t a  3);
e n d ;
0 0 1 2 7 7  w r i t e l n ( 'n u m b e r  o f  d a t a  p o i n t s
 ': 2 6 , n o  e x p  d a t a : 4 ) ;
0 0 1 3 2 7  w r i t e l n ;
e n d ;
{ * * p r o c e d u r e  " W A V E L E N G T H _ C H O I C E "  a l l o w s  t o  i n p u t  t h e  
r a d i a t i o n  u s e d .  T h e  d e f a u l t  i s  C u  r a d i a t i o n  s o u r c e * * }
0 0 1 3 5 0
0 0 1 3 7 2
0 0 1 4 1 0
P R O C E D U R E  W A V E L E N G T H _ C H O I C E ;
v a r  w a v e  :s t r i n g [ 3 ] ;
b e g i n
w r i t e l n ( ' I N P U T  T H E  S O U R C E  O F  R A D I A T I O N ' ) ;
71 0 0 1 4 4 4
7 2
7 3
7 4
7 5
7 6
7 7
7 8
7 9
8 0  
81 
8 2
8 3
8 4
0 0 1 5 0 0
0 0 1 5 1 6
0 0 1 5 4 7
0 0 1 5 7 2
0 0 1 5 7 6
0 0 1 6 1 4
0 0 1 6 2 0
0 0 1 6 4 7
0 0 1 6 7 6
0 0 1 7 2 5
0 0 1 7 5 4
0 0 2 0 0 3
w r i t e l n ( ' C U  
w r i t e l n ( ' C O  
w r i t e l n ( ' F E  
w r i t e l n ( ' C R  
w r i t e l n ( ' M O
i f  w a v e =
w r i t e l n (
8 5  0 0 2 0 4 5
C O P P E R ' );
C O B A L T ');
I R O N ' );
C H R O M I U M ' );
M O L Y B D E N U M ' );
r e a d l n ( w a v e ) ;
' t h e n  b e g i n  
w a v e  : - ' C U ';
B Y  D E F A U L T  T H E  C U  R A D I A T I O N  W A V E L E N G T H  
I S  N O W  U S E D  F O R  C A L C U L A T I O N S ' ) ;  
i d . l a m b d a : « 1 . 5 4 1 8 3 8 ;  
e n d ;
t h e n  i d . l a m b d a : - 1 . 5 4 1 8 3 8 ;  
i d . l a m b d a : « 1 . 7 9 0 2 6  ; 
i d , l a m b d a : = 1 . 9 3 7 3 5 5 ;  
i d . l a m b d a : = 2 . 2 9 1  ;
i d . l a m b d a : = 0 . 7 1 0 7 3  ;
: 2 4 , w a v e , );
i f
i f
i f
i f
i f
t h e n
t h e n
t h e n
t h e n
86
8 788 
8 9
0 0 2 1 0 7
0 0 2 1 4 3
0 0 2 1 5 1
w a v e - 'C U ' 
w a v e - * C O ' 
w a v e = 'F E ' 
w a v e = 'C R ' 
w a v e = 'M O ' 
w r i t e l n ( f i n [ 2 ] ,'
' K  R A D I A T I O N  U S E D  ---- ':22
w r i t e l n ( f i n C  2 ] , ' W A V E L E N G T H  ': 3 6 ,
i d . l a m b d a : 8 : 6 , '  A ' ) ;  
w r i t e l n ( f i n [ 2 ] ) ;w r i t e l n ( f i n [ 2 ] ) ;
9 0  0 0 2 2 1 3
91 002255
i f  p r e f e r _ s u m r e s = 'Y ' t h e n  b e g i n
w r i t e l n ( f i n [ 3 ] , ' ---- ' : 2 4 , w a v e ,
' K  R A D I A T I O N  U S E D  ----  '
w r i t e l n ( f i n [ 3 ] , ' W A V E L E N G T H  ---- ' : 3 6 ,
i d .l a m b d a  : 8 : 6 , '  A ' ) ;
w r i t e l n { f i n [ 3 ] ) ;
22 );
A4. 2
9 2
9 3
9 4
9 5
9 6
9 7
9 8
9 9  100 
101 
102
1 0 3
1 0 4
1 0 5
1 0 6
1 0 7
1 0 8
1 0 9
110 
111 
112
1 1 3
1 1 4
1 1 5
1 1 6
1 1 7
1 1 8
1 1 9
120 
121 
122
1 2 3
1 2 4
1 2 5
1 2 6
1 2 7
1 2 8
1 2 9
1 3 0
131
1 3 2
1 3 3
1 3 4
1 3 5
1 3 6
1 3 7
1 3 8
1 3 9
1 4 0
141
1 4 2
e n d ;
end;
{ * * p r o c e d u r e  " C A L C U L A T E "  c o n v e r t s  t h e  t h e t a  v a l u e s  ( 2 0 )  
t o  r e s p e c t i v e  d  s p a c i n g s  u s i n g  t h e  r a d i a t i o n  
w a v e l e n g t h  u s e d * * }
P R O C E D U R E  C A L C U L A T E ;  
v a r  i : i n t e g e r ;
0 0 2 3 0 4  b e g i n
0 0 2 3 2 6  f o r  i : = 1  t o  n o e x p d a t a  d o  b e g i n
0 0 2 3 4 1
d a . d s p a c e [ i ] : = i d . l a m b d a / ( 2 * s i n ( d a . t h e t a [ i ] * P l / 3 6 0 ) ) ;
e n d
e n d ;
{ * * p r o c e d u r e  " P R I N T O U T "  p r i n t s  t o  t h e  o u t p u t  f i l e  t h e  
c o m m e n t s  o f  t h e  d a t a  p r o c e s s e d  a n d  t a b u l a t e s  t h e  t w o  
t h e t a  v a l u e s  a n d  d  s p a c i n g  * * }
P R O C E D U R E  P R I N T O U T ;  
v a r  j : i n t e g e r ;
0 0 2 4 4 2  b e g i n
0 0 2 4 6 4  w r i t e l n ( f i n [ 2 ] ) ; w r i t e l n (f i n [ 2 ] ) ;
0 0 2 5 2 0  w r i t e l n ( f i n [ 2 ] , ' T W O  T H E T A ' : 1 5 , ' C A L C U L A T E D ' : 1 4 ) ;  
0 0 2 5 5 0  w r i t e l n ( f i n [ 2 ] ,' - D E G R E E S 1 5 , ' " d "  S P A C I N G 1 5 ) ;  
0 0 2 6 0 0  w r i t e l n ( f i n [ 2 ] ) ; w r i t e l n ( f i n [ 2 ] ) ;
0 0 2 6 3 4
0 0 2 6 4 7
0 0 2 7 3 1
0 0 2 7 6 6
e n d ;
f o r  j := 1 t o  n o e x p  d a t a  d o  b e g i n  
w r i t e l n ( f i n [ 2 ] , d a . t h e t a [ j } : 1 4 : 4 ,  
d a .d s p a c e  C j ] : 1 3 :  4) ;  
w r i t e l n ( f i n [ 2 ] );
e n d ;
w r i t e l n ( f i n [ 2 ] ) ;  w r i t e l n ( f i n [ 2 ] ) ;
{ * *  P r o c e d u r e  " E V A L U A T E "  c a l c u l a t e s  t h e  r e p e t i t i v e  
o c c u r r e n c e  o f  t h e  " d " s p a c i n g  d u r i n g  t h e  c o m p a r i s o n  o f  
t h e  e x p e r i m e n t a l  w i t h  t h e  s t a n d a r d  v a l u e s  * * }
P R O C E D U R E  E V A L U A T E ( v a r  s a , e , x : i n t e g e r ;
o u i o u t p u t d a t a ) ; 
v a r  u , i , j : i n t e g e r ;s j ,s i  :r e a l ;
0 0 3 0 3 3  b e g i n
0 0 3 0 7 0  s a : = 0 ;  e : = 0 ;
0 0 3 0 7 4  f o r  i : =  1 t o  n o _ e x p  d a t a  d o  b e g i n
0 0 3 1 0 7  f o r  j ; =  1 t o  x  d o  b e g i n
0 0 3 1 2 2  i f  o u . e x p C j 3 o o u . e x p E j + 1 ] t h e n  b e g i n
0 0 3 1 5 5  i f  o u . e x p [ j ] = d a . d s p a c e [ i ]  t h e n  b e g i n
0 0 3 2 0 6  e := e + 1 ;
e n d
e n d
e n d
e n d ;
0 0 3 2 5 1  u : = 1 ;
A4. 3
1 4 3
1 4 4
1 4 5
1 4 6
1 4 7
1 4 8
1 4 9
1 5 0
151
1 5 2
1 5 3
1 5 4
1 5 5
1 5 6
1 5 7
1 5 8
1 5 9
1 6 0  
16 1  
1 6 2
1 6 3
1 6 4
1 6 5
1 6 6
1 6 7
1 6 8
1 6 9
1 7 0
171
1 7 2
1 7 3
1 7 4
1 7 5
1 7 6
1 7 7
1 7 8
1 7 9
1 8 0  
181 
1 8 2
1 8 3
1 8 4
1 8 5
1 8 6
1 8 7
1 8 8
1 8 9
1 9 0
0 0 3 2 5 5
0 0 3 2 7 0
0 0 3 2 7 5
0 0 3 3 1 0
0 0 3 3 4 1
0 0 3 3 7 3
0 0 3 4 6 3
0 0 3 4 7 6
0 0 3 5 1 1
0 0 3 5 4 4
0 0 3 5 7 5
f o r i :- 1 t o  
u : = u + 1 ;
X  d o  b e g i n
e n d
f o r  i : =  1 t o  n o s t d d a t a  d o  b e g i n  
f o r  j := 1 t o  X  d o  b e g i n  
i f  o u . s t d [ j ] < > o u . s t d [ j + 1 ] t h e n  b e g i n  
i f  o u . s t d [ j ] = c m . s d [ i ]  t h e n  b e g i n
s a : = s a + 1 ; 
e n d
e n d
e n d
e n d ;
e n d ;
{ * *  P r o c e d u r e  " S C R E E N "  c a l c u l a t e s  t h e  d i f f e r e n c e  b e t w e e n  
t h e  " d "  s p a c i n g s  o f  t h e  s t a n d a r d  a n d  t h e  e x p e r i m e n t a l .  
T h e n  e v a l u a t e s  i f  t h e  e r r o r  i s  w i t h i n  t h e  s p e c i f i e d  
e r r o r * * }
P R O C E D U R E  S C R E E N (k : i n t e g e r ); 
v a r  i f ] : i n t e g e r ; 
d i f f , e r r : r e a l ;
0 0 3 6 5 1  b e g i n
0 0 3 7 0 0
0 0 3 7 0 4
0 0 3 7 0 4
0 0 3 7 0 6
0 0 3 7 0 6
0 0 3 7 1 3
0 0 3 7 4 4
i : = 1  ; 
r e p e a t  
j ; = 0 ;  
r e p e a t  
j : = j + 1 ;
d i f f : =  d a . d s p a c e [ i ]  -  c m . s d [ j ] ;  
e r r : = ( d i f f / c r a . s d ï j ] ) * 1 0 0 ;
u n t i l  ( ( t r u n c ( a b s { d i f f ) * 1 0 0 )  < =  i d . c )  a n d  
(a b s (e r r ) < = i d .p e r c e n t ))
o r  ( j = n o _ s t d _ d a t a );
0 0 4 0 2 6
e n d ;
i ; = i + 1 ; 
u n t i l  i = n o _ e x p _ d a t a + 1 ;
A4. 4
191
1 9 2
1 9 3
1 9 4
1 9 5
1 9 6
1 9 7
1 9 8
1 9 9
200  
201 
202
2 0 3
2 0 4
2 0 5
2 0 6
2 0 7
2 0 8
2 0 9
210 
211 
212
2 1 3
2 1 4
2 1 5
2 1 6
2 1 7
2 1 8
2 1 9220
221
222
{ * * p r o c e d u r e  " C O M P A R E "  c o m p a r e s  t h e  e x p e r i m e n t a l  " d "  
s p a c i n g  w i t h  t h e  s t a n d a r d  d  s p a c i n g  a n d  o u t p u t s  t h e  
t o t a l  n u m b e r  o f  d a t a  p o i n t s  o f  e x p e r i m e n t a l  v a l u e s  
w h i c h  a r e  c o m p a r a b l e  t o  t h e  s t a n d a r d * * }
P R O C E D U R E  C O M P A R E ;
v a r  o u :o u t p u t d a t a ; c h a n c e :s t r i n g [ 1 5 ] ;  
n o _ f i l ,c o u n t , k , i , j , z , x , s a , e : i n t e g e r ;  
c o m p o u n d c o m m e n t : s t r i n g [ 2 0 ] ;  
r a t i ,r a t 2 ,  e r r , d i f f : r e a l ; f i n c a r d : t e x t ;  
n a m e ,  c a r d : s t r i n g [ 2 0 ] ;
0 0 4 0 5 3  b e g i n
0 0 4 0 7 5  w r i t e l n ( f i n [ 2 ] , ' " d "  S P A C I N G ' : 2 9 ) ;
0 0 4 1 1 3  w r i t e l n (f i n [ 2 ] , ' E X P E R I M E N T A L ': 2 0 , '  S T A N D A R D
' : 1 4 , ' % ' :8);
0 0 4 1 5 5  w r i t e l n (f i n [ 2 ] ) ; w r i t e l n (f i n [ 2 ] ) ;
0 0 4 2 1 1  w r i t e l n (' I N P U T  N U M B E R  O F  S T A N D A R D  F I L E S  Y O U
W O U L D  L I K E  T O  C O M P A R E ! I ');
0 0 4 2 2 7  r e a d l n ( z ) ; n o  f i l : = 0 ;  
0 0 4 2 5 5  f o r  k : = 1  t o  z d o  b e g i n
0 0 4 2 7 0
0 0 4 2 7 5
0 0 4 3 1 3
0 0 4 4 0 0
0 0 4 4 2 0
0 0 4 4 3 6
0 0 4 5 0 5
0 0 4 5 5 4
n o  f i l : = n p f i l + 1 ; 
w r i t e l n  (' N A M E  O F  T H E  S T A N D A R D D A T A  F I L E  ');
2 2 3  0 0 4 6 0 4
2 2 4
2 2 5
2 2 6
2 2 7
2 2 8
2 2 9
2 3 0
2 3 1
2 3 2
2 3 3
2 3 4
2 3 5
2 3 6
0 0 4 6 3 4
0 0 4 6 5 2
0 0 4 6 5 6
0 0 4 7 0 7
0 0 4 7 1 4
0 0 4 7 7 0
0 0 5 0 3 0
0 0 5 0 5 0
0 0 5 0 6 3
0 0 5 0 7 6
0 0 5 1 2 7
r e a d l n ( c a r d ) ; r e s e t ( f i n [ k + 3 ] , c a r d ) ; 
w r i t e l n ;w r i t e l n ;
w r i t e l n ( f i n [ 2 ] ) ;
w r i t e l n ( ' N A M E  O F  T H E  C O M P O U N D  O R  F O R M U L A  ------- ');
r e a d l n (n a m e );
w r i t e l n ( ' C O M M E N T  O N  T H E  C O M P O U N D  F O R M U L A  ------- ');
r e a d l n (c o m p o u n d c o m m e n t );
w r i t e l n ( ' N A M E  O F  T H E  C O M P O U N D  O R  F O R M U L A  -----'
: 4 0 , n a m e ) ;
w r i t e l n ( f i n [ 2 ] , ' N A M E  O F  T H E  C O M P O U N D  O R  F O R M U L A
 • 14 0 , n a m e ) ;
w r i t e l n ( f i n [ 2 ] ) ;  
n p _ s t d _ d a t a : = 0  ; c o u n t : = 0  ; 
w h i l e  n o t  e o f (f i n [ k + 3 ]) d o  b e g i n
n o _ s t d _ d a t a : = n o _ s t d _ _ d a t a + 1  ; 
r e a d l n ( f i n [ k + 3 ] , c m , s d [ n o s t d _ d a t a ]); 
i f  c m , s d [ n o _ _ s t d _ d a t a ]  > =  d a .d s p a c e [n o  e x p  d a t a ] 
t h e n  c o u n t  := c o u n t + 1 ; e n d ;
w r i t e l n ( n o  s t d _ d a t a ) ; x : = 0 ;  
f o r  i : = 1 t o  n o _ _ e x p _ d a t a  d o  b e g i n  
f o r  j : = 1 t o  n o _ _ s t d _ d a t a  d o  b e g i n
d i f f : =  d a . d s p a c e [ i ]  - c m . s d [ j ] ;
e r r  : = ( d i f f / c m . s d [ j ] ) * 1 0 0 ;
A4, 5
2 3 7  0 0 5 1 5 0  i f  ( t r u n c ( a b s ( d i f f ) * 1 0 0 )  <=  i d . c )  a n d
(a b s (e r r ) < = i d . p e r c e n t )
2 3 8  0 0 5 1 7 7  t h e n  b e g i n  x : = x + 1 ;
2 3 9  0 0 5 2 0 4  w r i t e l n ( f i n [ 2 ] , d a . d s p a c e [ i ]: 1 7 : 4 ,
c m .s d [ j ] : 1 5 : 4 , e r r : 1 1 :  2 ) ;
0 0 5 3 0 0  o u . s t d [ x ] ; = c m . s d [ j ] ; o u . e r [ x ] : = e r r ;
0 0 5 3 4 4  o u . s t d [ x 3 : = c m . s d [ j ] ; o u . e r [ x ] : = e r r ;
0 0 5 4 1 0  o u . e x p [ x ] ; =  d a . d s p a c e [ i 3 ; w r i t e l n ( f i n [ 2 3 );
e n d
e n d ;  
e n d ;
2 4 0
2 4 1
2 4 2
2 4 3
2 4 4
2 4 5
2 4 6
2 4 7
2 4 8
2 4 9
2 5 0
25 1
2 5 2
2 5 3
2 5 4
2 5 5
2 5 6
2 5 7
2 5 8
2 5 9
2 6 0  
26 1  
2 6 2
2 6 3
2 6 4
2 6 5
2 6 6
2 6 7
2 6 8
2 6 9
2 7 0
27 1
2 7 2
2 7 3
2 7 4
2 7 5
2 7 6
2 7 7
2 7 8
2 7 9
0 0 5 5 1 3  S C R E E N ( k ) ;
0 0 5 5 1 7  w r i t e l n ( f i n [ 2  3 ) ; w r i t e l n ( f i n [ 2 3 ) ;
0 0 5 5 5 3  w r i t e l n ( f i n [ 2  3 ) ; w r i t e l n ( f i n [ 2  3 );
0 0 5 6 0 7  w r i t e l n ( f i n [ 2 3 ,' P E R C E N T A G E  O F  E R R O R  A C C E P T E D  =
i d . p e r c e n t ; 5 : 1 , '  % ' ) ;
0 0 5 6 5 1  w r i t e l n ( f i n [ 2 ] );
0 0 5 6 6 7  w r i t e l n ( f i n [ 2 3 ,' T H E  V A R I A N C E  U S E D  I N  T H I S
A N A L Y S I S  I S  ' , i d . c / 1 0 0 : 4 : 3 ) ; 
0 0 5 7 2 5  w r i t e l n ( f i n [ 2 3 ) ;
0 0 5 7 4 3  w r i t e l n ; w r i t e l n ;
0 0 5 7 6 3  w r i t e l n ( f i n [ 2 3 ) ; w r i t e l n ( f i n [ 2 3);
0 0 6 0 1 7  E V A L U A T E (s a , e , x , o u ) ;
0 0 6 0 3 1  w r i t e l n ( f i n [ 2 3 ,' T H E  N U M B E R  O F  D A T A  P E A K S  ( ' : 2 9 ,  
F I L E I N , ’ ) M A T C H E D  W I T H  ' : 1 7 ,  n a m e ,
' A R E  ' ; 4 , e : 3 , '  O U T  O F ’ ; 7 , n o _ e x p _ d a t a : 3 ) ;  
0 0 6 1 5 5  w r i t e l n ( f i n [ 2 3 );
0 0 6 1 7 3  w r i t e l n ( f i n [ 2 ] , ’ T H E  N U M B E R  O F  ’ ; 1 5 , n a m e , ’ P E A K S  
M A T C H E D  ' ; 1 5 , '  A R E  ': 4 , s a ; 3,
' O U T  O F  ': 7 , n o _ s t d _ d a t a ; 3 ) ;
0 0 6 3 0 5  w r i t e l n ( f i n [ 2 ] ) ; w r i t e l n ( f i n [ 2 ] ) ;
0 0 6 3 4 1  w r i t e l n (' T H E  N U M B E R  O F  D A T A  P E A K S  ( ' : 2 9 ,
F I L E I N , '  ) M A T C H E D  W I T H  ' ; 1 7 ,
n a m e , '  A R E  ' ; 4 , e ; 3 , '  O U T  O F
': 7 , n o _ e x p _ d a t a : 3 ) ;
0 0 6 4 6 5  w r i t e l n ; w r i t e l n ;
0 0 6 5 0 5  w r i t e l n C  T H E  N U M B E R  O F  ' : 1 5 , n a m e , '  P E A K S  M A T C H E D  
' ; 1 5 ,  ' A R E  ' ; 4 , s a : 3 , '  O U T  O F
': 7 , n o _ s t d  d a t a : 3) ;
0 0 6 6 1 7  r a t i : = e / n o  e x p  d a t a ; r a t 2 : = s a / c o u n t ;
0 0 6 6 4 5  i f  ( r a t i < = 0 . 5 )  a n d  ( r a t 2 < = 0 . 5 )  t h e n  
c h a n c e  : = 'l e a s t  p r o b a b l e ';
0 0 6 6 7 2  i f  ( ( r a t i > 0 . 5 )  a n d  ( r a t 2 < = 0 . 5 ) )  o r  ( ( r a t 1 < = 0 . 5 )
a n d  ( r a t 2 > 0 . 5 ) )
0 0 6 7 3 0  t h e n  c h a n c e : = '  p r o b a b l e  ';
0 0 6 7 4 1  i f  ( r a t i > 0 . 5 )  a n d  ( r a t 2 > 0 . 5 )
t h e n  c h a n c e ; “ 'm o s t  p r o b a b l e  '; 
w r i t e l n (c h a n c e );
0 0 7 0 0 4  i f  p r e f e r _ s u m r e s = 'Y  * t h e n  b e g i n  w r i t e l n ( f i n [ 3 ] );
A4. 6
280
28 1
2 8 2
2 8 3
2 8 4
2 8 5
2 8 6
2 8 7
2 8 8
2 8 9
2 9 0
29 1
2 9 2
2 9 3
2 9 4
2 9 5
2 9 6
2 9 7
2 9 8
2 9 9
3 0 0
3 01
3 0 2
3 0 3
3 0 4
3 0 5
3 0 6
3 0 7
3 0 8
3 0 9
3 1 0
3 1 1
3 1 2
3 1 3
3 1 4
3 1 5
3 1 6
3 1 7
3 1 8
3 1 9
3 2 0
3 21
3 2 2
3 2 3
3 2 4
3 2 5
3 2 6
3 2 7
3 2 8
3 2 9
3 3 0
3 31
0 0 7 0 3 0  w r i t e l n ( f i n [ 3 ] , n a m e  : 2 0 , n o _ s t d _ d a t a ; 6 , ' / ' ,
c o u n t ; 3 , s a : 1 3 , e : 1 3 , c h a n c e  : 2 0, 
c o m p o u n d c o m m e n t : 3 0) ; e n d ;
0 0 7 1 5 4  w r i t e l n ( f i n [ 3 ] ) ; e n d ;
e n d ;
0 0 7 2 2 2  b e g i n  { * *  m a i n  p r o g r a m  * * }
0 0 7 3 0 4  r e p e a t
0 0 7 3 0 4  p r o c e s s  f i l e _ n o : = 0 ;
0 0 7 3 0 6  w r i t e l n ; w r i t e l n ;
0 0 7 3 2 6  w r i t e l n ; w r i t e l n ;
0 0 7 3 4 6  w r i t e l n ( 'I N P U T  T H E  N A M E  O F  T H E  O U T P U T  F I L E ’ ); 
0 0 7 3 6 4  r e a d l n ( f i l e o u t ) ; r e w r i t e ( f i n [ 2 1 ,f i l e o u t ) ; 
0 0 7 4 3 5  w r i t e l n ( f i n [ 2 ] ) ; w r i t e l n ( f i n [ 2 ] ) ;
0 0 7 4 7 1  w r i t e l n ;
0 0 7 5 0 1  w r i t e l n ; w r i t e l n ;
0 0 7 5 2 1  w r i t e l n ; w r i t e l n ;
0 0 7 5 4 1  w r i t e l n ( ' W O U L D  Y O U  P R E F E R  A  S E P A R A T E  F I L E  F O R  
S U M M A R I S E D  R E S U L T S ');
0 0 7 5 5 7  w r i t e l n ( ' -----------------I N P U T  Y  - Y E S ------------ ');
0 0 7 5 7 5  w r i t e l n ;  w r i t e l n ;
0 0 7 6 1  5 r e a d l n (p r e f e r _ _ s u m r e s  ) ;
0 0 7 6 4 1  i f  p r e f e r _ s u m r e s = 'Y ' t h e n  b e g i n
0 0 7 6 4 7  w r i t e l n ( ' I N P U T  T H E  N A M E  O F  T H E  R E S U L T  F I L E ' ) ;  
0 0 7 6 6 5  r e a d l n (f i l e s u m r e s ) ;
0 0 7 7 1 6  r e w r i t e ( f i n [ 3 ] , f i l e s u m r e s ) ; w r i t e l n ( f i n [ 3  3 ) ; e n d ;
0 0 7 7 5 4  w r i t e l n ;
0 0 7 7 6 4  w r i t e l n ( ' P L E A S E  I N P U T  T O D A Y S  D A T E  1 ! ' ) ;
0 1 0 0 0 2  w r i t e l n ;  w r i t e l n ;
0 1 0 0 2 2  r e a d l n (i d . d a t e ) ;
0 1 0 0 5 3  w r i t e l n ( f i n [ 2 ] , i d . d a t e ) ; w r i t e l n ( f i n [ 2 ] );
0 1 0 1 0 7  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
0 1 0 1 4 7  W A V E L E N G T H _ C H O I C E ;
0 1 0 1 5 1  w r i t e l n ( f i n [ 2 ] );
0 1 0 1 6 7  w r i t e l n ;
0 1 0 1 7 7  w r i t e l n ( ' V A R I A N C E  O F  d  S P A C I N G  F O R  T H E  S T A N D A R D
D A T A ');
0 1 0 2 1 5  w r i t e l n ;  w r i t e l n ;
0 1 0 2 3 5  r e a d l n ( i d . c ) ;
0 1 0 2 6 1  i f ( i d . c < 0 )  t h e n  b e g i n
0 1 0 2 6 5  w r i t e l n C  B Y  D E F A U L T  T H E  V A R I A N C E  O F  D  S P A C I N G  I S
+ / -  0 . 0 3 ' ) ;  i d . c : = 3 . 0 ; e n d ;
0 1 0 3 0 7  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
0 1 0 3 4 7  99: w r i t e l n ( ' P E R C E N T A G E  O F  E R R O R  A C C E P T A B L E  '); 
0 1 0 3 6 5  w r i t e l n ;  w r i t e l n ;
0 1 0 4 0 5  r e a d l n ( i d . p e r c e n t );
A4. 7
3 3 2  0 1 0 4 3 1  w r i t e l n ;  w r i t e l n ;
3 3 3  0 1 0 4 5 1  i f  (i d . p e r c e n t < « 0 ) o r  (i d . p e r c e n t > 1 0) t h e n  b e g i n
3 3 4  0 1 0 4 6 5  i f  i d . p e r c e n t > 1 0 t h e n
3 3 5  0 1 0 4 7 3  w r i t e l n ( ’T H E  A C C E P T A B L E  P E R C E N T A G E  I S  A B O V E  T H E
R E Q U I R E D ' );
3 3 6  0 1 0 5 1 1  i f  i d . p e r c e n t < = 0  t h e n
3 3 7  0 1 0 5 1 5  w r i t e l n ( ' T H E  A C C E P T A B L E  P E R C E N T A G E  I S  B E L O W  T H E
R E Q U I R E D ');
3 3 8  0 1 0 5 3 3  i d . p e r c e n t : = 3 . 0 ;
3 3 9  0 1 0 5 3 7  w r i t e l n ( ' T H E  C H A N G E D  A C C E P T A B L E  P E R C E N T A G E  I S
3%' );
3 4 0  0 1 0 5 5 5  w r i t e l n ( ' W O U L D  Y O U  L I K E  T O  C H A N G E  T H E
P E R C E N T A G E ');
3 4 1  0 1 0 5 7 3  w r i t e l n ( ' --------------- I N P U T  Y  - Y E S -------------------- ');
3 4 2  0 1 0 6 1 1  w r i t e l n ;  w r i t e l n ;  r e a d l n ( p e r c t ) ;
3 4 3  0 1 0 6 5 5  i f  p e r c t = ' Y '  t h e n  g o t o  9 9  ; e n d ;  w r i t e l n ;
3 4 4
3 4 5  0 1 0 6 7 5  i f  p r e f e r  s u m r e s = ' Y '  t h e n  b e g i n
3 4 6
3 4 7  0 1 0 7 0 3  w r i t e l n ( f i n [ 3 ] ,' P E R C E N T A G E  O F  E R R O R  A C C E P T E D  =
' , i d .p e r c e n t  : 5 : 1 , '  % ' ) ;
3 4 8  0 1 0 7 4 5  w r i t e l n ( f i n [ 3 ] );
3 4 9  0 1 0 7 6 3  w r i t e l n ( f i n [ 3 ] , '  T H E  V A R I A N C E  U S E D  I N  T H I S
A N A L Y S I S  I S  ' , i d . c / l 0 0 : 4 : 3 ) ;
3 5 0  0 1 1 0 2 1  w r i t e l n ( f i n [ 3 ] );
351
3 5 2  0 1 1 0 3 7  w r i t e l n ( f i n [ 3 ] S T A N D A R D  C O M P O U N D ' ; 3 0 , '  P E A K S
M A T C H E D ' : 2 4 , '  C O M P O U N D  -  C O M M E N T ': 4 0 ) ;
3 5 3  0 1 1 1 0 1  w r i t e l n ( f i n [ 3 ] , ' T O T A L  N O . ' : 3 3 ) ;
3 5 4  0 1 1 1 1 7  w r i t e l n ( f i n [ 3 ] , ' N A M E ' : 1 7 , ' O F  P E A K S ' : 1 5,
'S T A N D A R D ' : 12, 'E X P E R I M E N T A L ' : 1 5 ) ;
3 5 5  0 1 1 1 7 3  w r i t e l n ( f i n [ 3 ] ) ;
3 5 6  e n d ;
3 5 7
3 5 8  0 1 1 2 1 1  w r i t e l n  (' I N P U T  N U M B E R  O F  D A T A  A N D / O R  D A T A  F I L E S
Y O U  L I K E  T O  C O M P A R E ');
3 5 9  0 1 1 2 2 7  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
3 6 0  0 1 1 2 6 7  r e a d l n ( n o  d a t a  f i l e s ) ;
36 1  0 1 1 3 1 3  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
3 6 2
3 6 3  0 1 1 3 5 3  r e p e a t
3 6 4
3 6 5  0 1 1 3 5 3  w r i t e l n ; w r i t e l n ;
3 6 6  0 1 1 3 7 3  w r i t e l n ( ' 1  - T O  R E A D  T H E  D A T A  F R O M  A  F I L E ' ) ;
3 6 7  0 1 1 4 1 1  w r i t e l n ( ' 2  - T O  R E A D  F R O M  T H E  T E R M I N A L  ');
3 6 8  0 1 1 4 2 7  w r i t e l n ( ' 3  - T O  Q U I T  F R O M  T H E  P R O G R A M  ');
3 6 9  0 1 1 4 4 5  w r i t e l n ; w r i t e l n ;
3 7 0  0 1 1 4 6 5  r e a d l n (c h o i c e ); ,
37 1  0 1 1 5 1 1  w r i t e l n ( f i n [ 2 ] ,
I * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' : 6 0 ) *
3 7 2  0 1 1 5 2 7  w r i t e l n ( f i n [ 2 ] ,  '
* * * * * * * * * * * * * * * * * * * * * * * * * * *  • : 6 0 ) *
3 7 3  0 1 1 5 4 5  w r i t e l n ( f i n [ 2 ] ,
' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ;50) *
3 7 4  0 1 1 5 6 3  w r i t e l n ( f i n [ 2 ] );
3 7 5
A4. 8
3 7 6
3 7 7
3 7 8
3 7 9
3 8 0
381
3 8 2
3 8 3
3 8 4
3 8 5
3 8 6
3 8 7
3 8 8
3 8 9
3 9 0
3 91
3 9 2
3 9 3
3 9 4
3 9 5
3 9 6
3 9 7
3 9 8
3 9 9
4 0 0
40 1
4 0 2
4 0 3
4 0 4
4 0 5
4 0 6
4 0 7
4 0 8
4 0 9
4 1 0
411
4 1 2
4 1 3
4 1 4
4 1 5
4 1 6
4 1 7
4 1 8
4 1 9
4 2 0
4 2 1
4 2 2
4 2 3
4 2 4
0 1 1 6 0 1
0 1 1 6 0 5
0 1 1 6 2 3
0 1 1 6 4 3
0 1 1 7 1 2
0 1 1 7 1 4
0 1 1 7 3 2
0 1 1 7 6 2
012002
012020
0 1 2 0 2 4
0 1 2 0 5 1
0 1 2 0 5 7
0 1 2 0 7 0
012110
0 1 2 1 7 1
012201
0 1 2 2 0 3
012221
0 1 2 2 7 0
0 1 2 2 7 6
0 1 2 3 3 2
0 1 2 3 6 6
0 1 2 4 1 6
0 1 2 4 3 4
0 1 2 4 5 2
c a s e  c h o i c e  o f
1: b e g i n  w r i t e l n ( ' I N P U T  T H E  N A M E  O F  T H E
D A T A  F I L E '); 
w r i t e l n ;w r i t e l n ; 
r e a d l n ( f i l e i n ) ; r e s e t ( f i n [ 1 ] , f i l e i n ) ; 
r e a d _ _ i n _ d a t a f  i l e  ;
w r i t e l n (f i n [2  3); 
w r i t e l n ( f i n [ 2 ] , ' N A M E  O F  T H E  D A T A  F I L E — ' ,F I L E I N ) ;
w r i t e l n ( f i n [ 2 ] ) ; e n d ;
2: b e g i n  w r i t e l n ( f i n [ 2 ] , ' * * * * * * C A U T I 0 N  : 
T E R M I N A L  I N P U T  D A T A  * * * * * * ’ ); 
r e a d  i n  d a t a ; e n d ;
3: g o t o  9 9 9 ;  
e n d ;
i f  c h o i c e = 2  t h e n  b e g i n  
f i l e i n : = 'T E R M I N A L  I N P U T '; e n d ;
w r i t e l n ;w r i t e l n ; 
w r i t e l n { ' P R O C E S S I N G  T H E  F I L E  N U M B E R  —  
p r o c e s s  f i l e  n o  + 1 : 3 , '  ------- ',F I L E I N ) ;
w r i t e l n ;
C A L C U L A T E ;
w r i t e l n ( ' I N P U T  C O M M E N T  —  80 S P A C E S  '); 
r e a d l n (c o m m e n t ); w r i t e l n ( f i n [ 2 ] , c o m m e n t ) ;
i f  p r e f e r  s u m r e s = ' Y '  t h e n  b e g i n  
w r i t e l n ( f i n [ 3 ] ) ; w r i t e l n ( f i n [ 3  3 ); 
w r i t e l n ( f i n [ 3 ] , c o m m e n t ) ; w r i t e l n ( f i n [ 3 ] ) ;  
w r i t e l n ( f i n [ 3 ] , ' T O T A L  N U M B E R  P E A K S  F R O M  T H E  X R D  
' : 3 5, n o _ e x p _ d a t a  : 3 ) ; 
w r i t e l n (f i n [ 3 ] ) ; e n d ;
w r i t e l n ( f i n [ 2 ] ) ;
P R I N T O U T ;
0 1 2 4 5 4  w r i t e l n ; w r i t e l n ;
0 1 2 4 7 4  w r i t e l n ( ' W O U L D  Y O U  L I K E  T O  C O M P A R E  W I T H  A  G I V E N
C O M P O U N D  ');
0 1 2 5 1 2  w r i t e l n ; w r i t e l n ;
0 1 2 5 3 2  w r i t e l n C i F  Y E S  I N P U T  Y  T O  C O M P A R E  ');
0 1 2 5 5 0  r e a d l n (r e l a t e );
0 1 2 5 7 4  i f  r e l a t e = ' Y '  t h e n  C O M P A R E ;
0 1 2 6 0 4  i f  r e l a t e = ' y '  t h e n  C O M P A R E ;
0 1 2 6 1 4  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
0 1 2 6 5 4  p r o c è s s _ f i l e _ _ n o : = p r o c e s s _ f i l e _ n o + 1  ;
0 1 2 6 6 1  w r i t e l n C  D A T A  F I L E  N U M B E R  ', p r o c e s s _ f i l e _ n o , '
P R O C E S S E D '); 
u n t i l  p r o c e s s  f i l e  n o = n o _ d a t a _ f i l e s ;
0 1 2 7 3 1  9 9 9 :  w r i t e l n ;  w r i t e l n ;
0 1 2 7 5 1  w r i t e l n  ( ' I N P U T  " Y "  F O R  C O N T I N U A T I O N  A N D  " N "  T O
T E R M I N A T E ');
A4. 9
4 2 5  0 1 2 7 6 7  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
4 2 6  0 1 3 0 2 7  r e a d l n (t e r m i n a t e );
4 2 7  0 1 3 0 5 3  i f  t e r m i n a t e = ’N ' t h e n  a n s w e r ; = N 0 ;
4 2 8  0 1 3 0 6 3  i f  t e r m i n a t e = ’n ' t h e n  a n s w e r : - N O
4 2 9  u n t i l  a n s w e r = N O ;
4 3 0
43 1  e n d .
C o m p i l a t i o n  c o m p l e t e  : N o  e r r o r s  r e p o r t e d .
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APPENDIX A5
C O M P U T E R  P R O G R A M  F O R  C A L C U L A T I N G  'd' S P A C I N G  F R O M  
A  G I V E N  L A T T I C E  P A R A M E T E R  'c' A N D  'a'
U N I V E R S I T Y  O F  S H E F F I E L D  P A S C A L  C O M P I L E R  ( 4 . 0 . 9 )  O N  0 3 / 1 1 / 9 0  
A T  1 5 : 1 0 : 2 3
O p t i o n s  c h o s e n  : 3 2 1  w i t h  C h e c k s ,  B i g ,  B u f f e r e d  i n p u t  f r o m  T T Y
1 p r o g r a m  h e x a g o n a l ( i n p u t ,o u t p u t );
2 t y p e  r r =  p a c k e d  a r r a y  [ 1 . . 8 0 0 ]  o f  r e a l ;
3 u u =  a r r a y  [ 1 . . 8 0 0 , 1 . . 8 0 0 ]  o f  r e a l ;
4 i i =  a r r a y  [ 1 . . 8 0 0 ]  o f  i n t e g e r ;
5 d a t  = r e c o r d
6 a a , c c : r r ;
7 h k , l l : i i ;
8 e n d ;
9
1 0  v a r  f h k , f i n , f o u : t e x t ;
h k f i l e , x f i l e i n , x f i l e : s t r i n g C  1 0] ;
11 n u m : i n t e g e r ; r a t i o : u u ;  d t : d a t  ; a , c : r e a l ;
12
1 3  ( * * P R O C E D U R E  " H K L _ P L A N E S _ S I M U L A T I O N "  r e a d s  t h e  i n p u t  f i l e
1 4  ” H K "  w h i c h  c o n t a i n s  t h e  H^ +  H K  + v a l u e s  f o r  h e x a g o n a l
1 5  l a t t i c e  a n d  s i m u l a t e s  t h e  L^ v a l u e s  f r o m  1 t o  1 6 * * }
1 6
1 7  P R O C E D U R E  H K L _ P L A N E S _ S I M U L A T I O N  ( v a r  d t : d a t  ;
v a r  n u m : i n t e g e r );
1 8  v a r  i , j : i n t e g e r ;
1 9  0 0 1 0 0 0  b e g i n
2 0  0 0 1 0 2 3  w r i t e l n  ( ' i n p u t  n a m e  o f  h k  f i l e ' ) ;
r e a d l n ( h k f i l e ) ; r e s e t (f h k , h k f i l e ) ;
21 0 0 1 1 1 0  n u m : = 0 ;
2 2  0 0 1 1 1 2  w h i l e  n o t  e o f ( f h k )  d o  b e g i n
2 3  0 0 1 1 2 5  n u m : = n u m + 1 ;
2 4  0 0 1 1 3 2  r e a d l n ( f h k ,  d t . h k [ n u m ] ) ;
2 5  e n d ;
2 6
2 7  0 0 1 1 7 6  j : = 0 ;
2 8  0 0 1 2 0 0  f o r  i : = 1  t o  1 6  d o  b e g i n
2 9  0 0 1 2 1 3  d t . l l E i ] : = s q r ( i ) ;
3 0 e n d ;
31 0 0 1 2 5 6  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;  w r i t e l n ;
3 2  e n d ;
3 3
3 4  { * * P R O C E D U R E  " C A L C U L A T I O N S "  c a l c u l a t e s  t h e  L ^ / C ^  v a l u e s
3 5  a n d  ( H  + H K  + K ^ ) / a ^ v a l u e s  f r o m  t h e  k n o w n  C  a n d  A  v a l u e s .
3 6  T h e  d  s p a c i n g  r e l a t i n g  t o  t h e  H K . L  p l a n e s  i s  t a b u l a t e d . * * }
3 7
3 8  P R O C E D U R E  C A L C U L A T I O N S ;
3 9  v a r  c o , i , j , m : i n t e g e r ; d : r r ;
4 0  0 0 1 3 2 7  b e g i n
41 0 0 1 3 5 1  w r i t e l n ( f o u , 'd ': 1 0 , ' 1 / d ' : 1 3 , ' h k . 1 ' :  1 5 ) ;
4 2  0 0 1 4 0 7  f o r  i ; =  1 t o  1 6  d o  b e g i n
4 3  0 0 1 4 2 2  d t . c c [ i ] : =  d t . l l [ i ] / s q r ( c ) ;
4 4  e n d ;
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4 5
4 6  0 0 1 4 7 6  f o r  i := 1 t o  n u m  d o  b e g i n
4 7  0 0 1 5 1 1  d t . a a [ i ] : =  ( 4 * d t . h k [ i ] ) / ( 3 * s q r ( a ) );
4 8  e n d ;
4 9
5 0  0 0 1 5 7 1  c o : = 0 ;
51 0 0 1 5 7 3  f o r  i := 1 t o  n u m  d o  b e g i n
5 2  0 0 1 6 0 6  c o : - c o + 1 ;
5 3  0 0 1 6 1 3  d [ c o ] : = 1 / s q r t ( d t . a a [ i ] );
5 4  0 0 1 6 5 5  w r i t e l n ( f o u ,  d [ c o ] : 1 2 : 4 , s q r t ( d t . a a [ i ]): 1 2 : 4 ,
d t . h k [ i ] : 1 2 , ' . 0 ' ) ;
5 5 e n d ;
5 6
5 7  0 0 2 0 2 3  f o r  i := 1 t o  1 6  d o  b e g i n
5 8  0 0 2 0 3 6  c o : =  c o + 1 ;
5 9  0 0 2 0 4 3  d [ c o ] : = 1 / s q r t ( d t . c c [ i ] );
6 0  0 0 2 1 0 5  w r i t e l n (f o u , d [ C O ] : 1 2 : 4 , s q r t ( d t . c c [ i ] ) : 1 2 : 4 , ' 0 . ' : 1 3 ,
d t , l l [ i ] : 2 ) ;
61 e n d ;
6 2
6 3  0 0 2 2 5 3  f o r  i := 1 t o  1 6  d o  b e g i n
6 4  0 0 2 2 6 6  f o r  j : =  1 t o  n u m  d o  b e g i n
6 5  0 0 2 3 0 1  c o : - c o + 1  ;
6 6  0 0 2 3 0 6  d [ c o ] : = 1 / s q r t ( d t , a a [ j ] + d t . c c [ i ] ) ;
6 7  0 0 2 3 6 5  w r i t e l n ( f o u , d [ c o ] : 1 2 : 4 , s q r t ( d t . a a [ j ] + d t .c c [ i ] ); 1 2 : 4 ,
d t . h k [ j ] : 1 2 , ' . ' , d t . l l [ i ] : 2 ) ;
6 8  e n d ;
6 9  e n d ;
7 0
71 e n d ;
7 2
7 3  P R O C E D U R E  " R E A D _ I N _ D A T A "  r e a d s  i n  t h e  l a t t i c e
7 4  p a r a m e t e r s  o f  a  h e x a g o n a l  c r y s t a l .  T h e  v a l u e s  o f  C  a n d  A  
a r e  i n  a n g s t r o m s . * * }
P R O C E D U R E  R E A D _ _ I N _ D A T A  ( v a r  a , c : r e a l ) ;  
v a r  i ,X : i n t e g e r ; a n s w e r : ( N O ); t e r m i n a t e  : c h a r ; 
b e g i n
r e p e a t
w r i t e l n (' i n p u t  t h e  v a l u e s  o f  C , A ’ );
r e a d l n ( c , a ) ;
7 5
7 6
7 7
7 8 0 0 2 6 2 7
7 9 0 0 2 6 5 2
8 0 0 0 2 6 5 2
81 0 0 2 6 7 0
8 2
8 3 0 0 2 7 2 2
8 4 0 0 2 7 4 6
8 5 0 0 3 0 5 0
8 6 0 0 3 0 7 4
8 7 0 0 3 0 7 6
8 8 0 0 3 1 1 6
8 9 0 0 3 1 3 4
w r i t e l n ( f o u ) ; w r i t e l n ( f o u ) ; 
: i t e l n ( f o u , * C =  ': 4 , c : 8: 4 , ‘A =  ' : 4 , a : 8 : 4 ,
* C / A =  ’ : 8 , c / a : 8 : 4 ) ;
w r i t e l n ( f o u ) ;  w r i t e l n ( f o u ) ;
Æ C U L A T I O N S ;
w r i t e l n ;w r i t e l n ;
  w r i t e l n ( ' w o u l d  y o u  l i k e  t o  c h a n g e  t h e  C  a n d  A
v a l u e s ');
w r i t e l n ( f o u ) ; w r i t e l n ( f o u ) ;
9 0  0 0 3 1 6 0  w r i t e l n ( f o u ,  ' x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  ' : 4 2 )  ;
91 0 0 3 1 7 2  w r i t e l n  ( f o u ,  ' x x x x x x x x x x x x x x x x x x x x x x x x x x x x x x  ' : 4 2 ) ;
9 2  0 0 3 2 0 4  w r i t e l n ( f o u ) ;  w r i t e l n ( f o u ) ;  w r i t e l n ( f o u ) ;
9 3  0 0 3 2 5 4  r e a d l n (t e r m i n a t e );
9 4  0 0 3 3 0 0  i f  t e r m i n a t e = 'N ' t h e n  a n s w e r : = N 0 ;
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9 5  0 0 3 3 1 0
9 6
9 7
9 8
9 9  0 0 3 3 3 5  
1 0 0  0 0 3 4 1 7
101
102
1 0 3
1 0 4
1 0 5
1 0 6
0 0 3 5 0 6
0 0 3 5 6 6
0 0 3 5 7 4
0 0 3 6 1 2
0 0 3 6 2 0
i f  t e r m i n a t e = ’n ' t h e n  a n s w e r ; = N 0  ; 
u n t i l  a n s w e r = N O ;
e n d ;
b e g i n  { * *  m a i n  p r o g r a m  * * }
w r i t e l n  ( ' i n p u t  n a m e  o f  o u t p u t  f i l e ' ) ; r e a d l n ( x f i l e ) ; 
r e w r i t e (f o u , x f i l e ) ;
w r i t e l n ;w r i t e l n ;w r i t e l n ;w r i t e l n ;w r i t e l n ;w r i t e l n ; 
H K L _ P L A N E S _ S I M U L A T I O N  (d t ,n u m );
w r i t e l n  ( ' h k l  p l a n e s  s i m u l a t i o n  o v e r ' ) ;  
R E A D _ I N _ D A T A  ( a , c ) ;
w r i t e l n ( f o u ) ;w r i t e l n (f o u ) ; 
e n d .
C o m p i l a t i o n  c o m p l e t e  : N o  e r r o r s  r e p o r t e d ,
H K  f i l e  c o n t a i n i n g  t h e  v a l u e s  o f  a l l  p o s s i b l e  (H^ + H K  + K^)
1
3
4 
7 
9
12
1 3
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APPENDIX A6 
NOMENCLATURE IN QUANTUM STATES 
The spiri“orblt interaction is a magnetic interaction between the 
magnetic moment due to spin and the magnetic moment due to orbital angular 
momentum, The vector summation of the two momenta can be carried out in two 
ways, described as J-J coupling and L-S (also called Russell-Saunders) 
coupling, respectively.
In the J-J coupling, the total angular momentum of a single 
isolated electron is obtained by summing vectorlally the individual 
electronic spin and angular momenta. The total angular momentum for an 
electron is characterised by the quantum number J, where J=l+s 
<i - azimuthal quantum number and s is spin quantum number). To arrive at 
the total angular momentum for the whole atom, the summation is then 
performed for all electrons, the result- being the total atomic angular 
momentum with an associated quantum number J, where J - 2jT. This 
description of the summation is known as J-J coupling. Under the J-J 
coupling scheme the nomenclature is based on the principle quantum number 
and on the electronic quantum numbers J and s. The X-ray notations are used 
for describing the Auger transitions, e. g. (see section 3.7.1. and
figure 3.4). Elements with high atomic number, i.e. Z > 75, are best
described by J-J coupling. Taking the example of the final state 
configuration of 2s^2p® (see table A6,1), the angular momentum J for each 
electron can be considered using the Clebsh-Gordan series J = 1-hSf 1-f-s-l, 
l+s-2, ..., I i~sl. Transition Involving a * Is' electron is described by
X-ray notation, K. The vacancy In the K shell is filled by a * 2s' electron 
which can be described by i= 0, s= ^ and J= % and this corresponds to L, 
in X-ray notation. The expelled ' 2p' electron, described as 1=1, s=% and
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J= 1-i-s or Jfe-1, 1. e. 3/2 or i/2, which corresponds to or
respectively in X-ray notation. Hence the transition are given by KLiL^ or 
KL,
In L-S coupling, the vectorial summation of all the individual 
electronic angular momenta is carried out first followed by individual 
electronic spin momenta. These two momenta are then characterised by two 
quantum numbers, the total atomic orbital angular momentum quantum number 
L, where L = Si, and the total atomic spin quantum number S, where S = Ss. 
L can take integral values of 0, i,2,3, ... and S can take any integral or 
half integral values 0, 1/2, 1,3/2, ... . L-S coupling has been found to
apply most satisfactorily to elements of low atomic number, Z < 20. In this 
coupling scheme the nomenclature is that of term symbols of the form 
(2S+1 describing the electron distribution in the final state. The states 
with L=0, 1, 2, 3. . are designated in capitals S, P, D, F,. . . , while the total 
spin quantum number S enters as the prefix (2S+1) and is also known as 
multiplicity. For example (see table A6.1), for a configuration of 2s'p^, 
L= 2J= 0+1= 1 and S=Zs=(%)+(%)=! (parallel spins) or S=(K)-(%)=0 (opposing 
spins or paired). The term symbol form for this configuration would be 
?L which is given by ' P for S=0 and L=1 and ^P for S=1 and L=l.
The intermediate coupling (IC) is used in the region of the 
periodic table where neither L-S nor j~j coupling is adequate to describe 
the final state configuration. In intermediate coupling each L-S is split 
into multiplets of different J values so that the term symbols are now of 
the form ?Lj where J= EIL+SI; 1-1= 0 or J= 1+0= 1 or J= 1 + 1= 2. For
example (see table A6. 1), for a configuration of 2s'p®, for S=1 and L=1 and 
J=1 the terra symbol is given by (JfLjL^ ).
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TABLE A6. 1 
NOTATIONS USED IN THE COUPLINGS
Transition ConfIgurat ion L S J J-J L-S term IC ten
KLjL-, 2s®p® 0 0 0 KLj Lj 'S 'So
1 0 1 KL, J L.-^ 'P 'Pi
AL, 3 2s'p® 1 1 0
1 1 1 KL J Ls) ap ®P1
1 1 2
0 0 0 KL^L-^ 'S 'So
1 1 0 :^ Po
3 2s^p^ [ 1 1 1 ap ®Pt 3
1 1 2 KL^L;^ 3P^
2 0 2 KL:s^ s> 'D 'D=
$ Forbidden
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ABSTRACT
The effect of a corrosive environment <3%NaCl saturated with 
magnesium hydroxide) on the surfaces of rapidly solidified Mg-3.5wt.% A1 
alloy splats has been studied under different surface analysis techniques 
(keeping in view the depth and spatial resolution of each technique). 
Magnesium hydroxide forms an overlayer on the surface of the high- 
temperature oxide of the alloy formed during the splatting process. In the 
corrosive environment chlorine and carbonate ions incorporate into the 
surface hydroxide. Exposure times exceeding 150 minutes in the corrosive 
environment result in pitting of these aplats. Surface defects, like 
cracks, are regions of high corrosion attack. Corrosion products are 
voluminous and acicular. Formation of hydrotalcite in this alloy is ruled 
out due to low aluminium content. It is envisaged that hydromagnesite is a 
possible candidate for the surface film formed.
International Journal of Rapid Solidification, 1989, Vol. 4, 231-250.
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ABSTRACT
Contamination with copper particles of the surfaces of rapidly 
solidified Mg-3. 5wt,% A1 alloy splats during processing is discussed. Two 
batches of splats produced with copper substrates of different surface 
finish, were examined by atomic absorption spectrometry (AAS), electron 
probe micro-analysis (EPMA) and Rutherford back scattering (RBS). Lower 
copper content was detected on the "well polished" splats (Splats 'B') by 
AAS, while EPMA and RBS analysis with a micro-beam showed fine copper 
particles on the surfaces of the splats prepared with pistons of inferior 
surface finish (Splats 'A'). Immersion corrosion tests carried out in a 3% 
NaCl solution saturated with Mg(OH)^ resulted in higher pit density and 
earlier pitting times for splats 'A'. Pitting is associated with copper 
particles (Splats 'A') and with surface cracks and macro-porosity (Splats
* A’ and *B*>. A mechanism for pitting is suggested in which Mg(OH)Cl is 
envisaged to be an intermediate reaction product before decomposing to 
Mg (OH) 2: in the pitting process.
* Department of Material Science and Engineering
+ Department of Electronic and Electrical Engineering
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A bstract:
The e ffe c t o f a saline environm ent on th e  surfaces o f rap id ly  so lid ified  M g -3 .5w t.%  A1 
alloy splats has been studied by d iffe re n t surface analysis techniques keeping in  
perspective th e  depth and sp atia l resolution o f each technique. The surface o f th e  as- 
splat a lloy consists o f an adm ixture o f magnesium hydroxide and oxide w ith  hydroxide  
depleting w ith  depth. The corrosion products are acicu lar and volum inous. Hydrolysis 
o f th e  cubic oxide to  th e  hexagonal b ru cite  causes the  fo rm atio n  o f a m icroporous 
b ru c ite  s tru ctu re . H ydrom agnesite is form ed on excess o f m agnesium hydroxide w ith  
chlorine ion incorporated betw een th e  hydroxide (brucite) layers.
Paper presented in  Seventh In te rn a tio n a l C onference on R ap id ly  Quenched M a te ria ls , 
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ON THE DEVELOPMENT OF CORROSION RESISTANT %-Al ALLOYSC. B. BALIGA and P. TSAKIROPOULOS Department of Materials Science and Engineering,University of Surrey, Guildford, Surrey GÜ2 5XH, U.K.
ABSTRACT
Marked improvements of the corrosion resistance of Mg-Al alloys in saline 
environment were achieved in binary alloys containing more than 10wt.% Al. 
Aluminium additions modified the surface structure through the formation of 
surface compounds consisting of an admixture of spinel (MgAlaO^ ,), periclase 
<MgO> and brucite (%(0H)3.), Magnesite (MgCOs) formation on the surface as 
an overlayer was dependent on the storage environment and on the handling 
practices. The thickness of the surface oxide/hydroxide decreased with - 
enrichment of aluminium ions on the surface. The improvement of the 
corrosion resistance with aluminium addition was dictated by the presence 
of aluminium ions in the prior oxide/hydroxide surface of the alloy. In the 
corrosive environment these ions retard the growth of the layered brucite 
structure through the formation of a particular group of corrosion 
products. Incorporation of chlorine ions and carbonate ions in the 
interlayers of the brucite layers is brought about by the requirement of 
charge balance between the brucite layers.
Paper submitted for the TMS 1991 Annual Meeting, New Orleans, USA, for the Symposium on Light Weight Alloys for Aerospace Applications II.
